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Abstract:
A study of the effects of ion irradiation on the surface mechanical properties and structural evolution
of sol-gel derived hybrid silicate thin films has been conducted. Green films were synthesized through
a sol-gel process using tetraethoxysilane (TEOS) and methyltriethoxysilane (MTES) as precursors
and acetic acid as a catalyst and spin-coated onto (100) Si wafers. Films were heat treated in ambient
air or in vacuum at temperatures of 300 - 800 ◦C, or irradiated with 200 keV H+, 400 keV N2+,
1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ with fluences of 1 × 1013 to 2 × 1017 ions/cm2. The
resultant films were investigated by atomic force microscopy (AFM), nanoindentation, Rutherford
backscattering spectrometry (RBS), elastic recoil detection (ERD) and scanning electron microscopy
(SEM).
In order to better understand the chemical structure of the green films, the theoretical chemical com-
position was obtained based on the starting materials and the chemical reactions during hydrolysis
and condensation. The difference in the mechanical properties of the films heat treated in ambient
air and in vacuum was attributed to the different thermal stability and decomposition path of the
organic components in different environments, thus affecting the resulting microstructure.
Investigation of the film shrinkage and mechanical properties of the ion irradiated films led to a
conclusion that the mechanical properties of the films had a noticeable increase when the films
were irradiated at a fluence of 1 × 1014 ions/cm2 or above. During irradiation, the majority of H
was released and some O and C were also released, as evidenced by the decreasing H/Si, C/Si and
O/Si ratios with increasing fluence. The Voigt and Reuss model was employed to evaluate the elastic
modulus of the fully converted films by considering them as a composite. It was observed the reduced
elastic modulus of the fully converted films after ion irradiation increased with increasing Si-C bond
concentration, consistent with that of the silicon oxycarbide synthesized by heat treatment in Ar
flow or by RF sputtering.
A plausible explanation of the structural evolution during ion irradiation was developed by analyzing
the H/Si, O/Si, and C/Si ratios with increasing fluence, the difference in the stopping power, and
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In 2001 the Transregional Collaborative Research Center SFB/TR4 Process Chains for the Repli-
cation of Complex Optical Components started a cooperative research project that involved a close
collaboration between the University of Bremen, the Technical University of Aachen, and Oklahoma
State University, with an overall goal of improving the accuracy of replicated complex optics while
simultaneously reducing the number of required iterations and cost of the manufacturing process
within the applied process chain. The focus of this joint research is the replication of complex
high precision optical components (aspheric lenses, free-form lenses or lens arrays) in high volume
at low cost. Well-developed direct machining technologies of these optics are expensive and time-
consuming. In order to meet the demands of high quality complex-shaped optical components (i.e.,
camera lenses for mobile phones, lenses for DVD recorders, micro-lens arrays for LCD-displays and
optical systems in automobiles), fully automated replication technologies for high volume produc-
tion are essential and inevitable. These complex-shaped optical components are manufactured by
injection molding of plastic. The traditional method for manufacturing such molds is multi-stage
precision grinding and polishing of steel or nickel alloys [1]. High precision diamond machining is
potentially much more efficient and economical than such a multi-stage process. However steel is
not a desirable material for diamond machining because of the severe wear of the diamond tools,
and other metallic materials (e.g., Cu or Al) lack of the needed hardness desired for optical molds.
Thus, diamond turnable hard coatings with good adhesion are required.
Sol-gel derived hybrid films are a suitable material for replication molds. The incorporation of the
selected organics (e.g., methyl groups) allows for lower sintering temperatures and better adhesion,
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as well as reduced brittleness ensuring a good workability in the green state [2–4] and high hardness
and wear resistance after conversion leading to a long lifetime for replicating optics. By selectively
incorporating organic groups into an inorganic matrix, it is possible to preferentially modify the
mechanical, optical and photonic properties of the materials in their final state.
The limiting factor of sol-gel derived films for optical mold applications is the critical thickness,
which refers to the maximum crack-free thickness achievable after solvent evaporation in the sol-
gel process [2]. Diamond machining requires films having a thickness of more than 5 µm for high
machinability. Inorganic films like ZrO2 have a critical thickness of less than 200 nm for a single
layer and less than 2 µm for multi deposited layers [2, 5, 6]. Crack-free hybrid silicate films having
a thickness of 5 µm for a single layer and up to 20 µm for multi layers have been synthesized at
the Stiftung Institut für Werkstofftechnik (IWT) in Germany. These films have been successfully
machined by diamond tools and used as molds for replication of complex optics.
The final ceramic state is achieved by either heat treatment or ion irradiation to increase hardness
and wear resistance. Ion irradiation as an alternative to heat treatment has drawn considerable
attention for converting these films from the green state to their ceramic state. [7–12]. Heat treatment
of hybrid films usually leads to a pure SiO2 phase with significant loss of carbon and hydrogen. Ion
irradiation conserves carbon content and significantly reduces hydrogen [13–16], resulting in the
formation of silicon oxycarbide. The presence of a high concentration of carbon makes it possible
to create many novel secondary phases. In addition, synthesis of nanocrystalline phases using ion
irradiation is also possible.
1.2 Objective
In a previous study [17], investigation focused on the effects of heat treatment and ion irradiation
on acid catalyzed sol-gel derived hybrid silicate thin films. Films heat treated in ambient air at
temperatures of 300 ◦C, 600 ◦C and 800 ◦C for 10 min exhibited an increase in hardness and reduced
elastic modulus with increasing heat treatment temperature. The film heat treated at 800 ◦C had
a hardness of 0.7 GPa and reduced elastic modulus of 10.0 GPa. By comparison, a film irradiated
with 2 MeV He+ ions at a fluence of 3 × 1015 ions/cm2 exhibited a hardness of 1.9 GPa and reduced
elastic modulus of 21.9 GPa. For the heat treated films, the atomic ratio of C/Si was seen to decrease
from 1.25 for the green film to 0.1 for the film heat treated at the highest temperature. For the ion
irradiated film, the atomic ratio of C/Si showed little change from that of the green film.
Ion irradiation was carried out on 600 nm thick films using 125 keV H+ and 250 keV N2+ ions
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with fluences ranging from 1 × 1014 to 5 × 1016 ions/cm2 for H+ and 1 × 1015 to 5 × 1016 ions/cm2
for N2+. The hardness and reduced elastic modulus was found to increase with increasing fluence
for each ion species. At the highest fluence, the film irradiated with H+ was found to exhibit a 4.5
fold increase in reduced elastic modulus (7.1 GPa to 32.1 GPa) with respect to the green film while
the film irradiated with N2+ showed a 12 fold increase (7.1 GPa to 84.0 GPa).
Irradiation with 100 keV Si+, O+, and N+ ions, in which Si+ has similar electronic stopping
power with O+ and N+ ions but different nuclear stopping power at the surface, was carried out on
3 µm thick films at a fluence of 3 × 1016 ions/cm2. The projected range of the 100 keV Si+, O+,
and N+ ions was 260, 450, and 470 nm, respectively. Projected range less than the film thickness
leads to partial irradiation of the films. Hardness and reduced elastic modulus of the films irradiated
with 100 keV Si+, O+, and N+ ions did not show any observable difference. It was argued that the
electronic stopping is principally responsible for the film hardening while the role of nuclear stopping
is minimal. However, due to the partial irradiation, determining the actual mechanical properties
of the portion of the films that were irradiated is difficult, if not impossible.
Films irradiated with 115 keV H+, 125 keV H+, 115 keV He+, 250 keV N2+ and 2 MeV Cu2+
exhibited significant differences in the measured hardness and reduced elastic modulus when similar
electronic energy was deposited to the film. It was suggested that hardness is not simply related to
the electronic energy deposited to the film, but also depends on the ion species.
Ion irradiation was also performed on films heat treated at 800 ◦C in ambient air using 250 keV
N2+ with fluences from 1 × 1014 to 5 × 1016 ions/cm2. It was found that the films heat treated
at 800 ◦C had a higher hardness and reduced elastic modulus than the film heat treated at 300 ◦C
when both films were irradiated at a fluence of 1 × 1015 ions/cm2 or lower, and a similar hardness
and reduced elastic modulus when irradiated at a fluence of 1 × 1016 ions/cm2 or above. It was
argued that C concentration had no influence on the maximum hardness achieved by ion irradiation.
However, the reason the film irradiated with 250 keV N2+ at the highest fluence had a higher reduced
elastic modulus than fused silica (84.0 GPa compared with 69.6 GPa) is unclear.
The current work presented here is a continuation of the previous study on the effect of heat
treatment and ion irradiation on the mechanical properties, chemical composition, and structural
evolution of the sol-gel derived hybrid silicate thin films. The objectives of this work are stated as
follows.
1. Study the effects of heat treatment in ambient air and in vacuum on the mechanical properties,
chemical composition, and the structural evolution.
3
Oxidization of the organic components in the film results in a similar structure as fused silica
when heat treated in ambient air. When heat treated in vacuum or an inert atmosphere,
the oxidization of the organic components is suppressed, and silicon oxycarbide (SiOC) glass
could be produced through a pyrolysis process at temperatures above 800 ◦C. The mechanical
properties of the films heat treated in ambient air and in vacuum were investigated. The
chemical compositions of the films heat treated in vacuum as a function of heat treatment
temperature were studied. The microstructure of the films heat treated in ambient air were
also investigated.
2. Study the effects of ion irradiation on the mechanical properties, chemical composition, and
the structural evolution.
In the previous study, the films were irradiated with 125 keV H+ with fluences ranging from
1 × 1014 to 5 × 1016 ions/cm2 or 250 keV N2+ with fluences ranging from 1 × 1015 to 5 × 1016
ions/cm2. The electronic stopping of 125 keV H+ and 250 keV N2+ is dominant in the energy
loss process, while the nuclear stopping is negligible. In order to study the effect of nuclear
stopping, 1 MeV Cu+, which has a comparable electronic and nuclear stopping power, was
used in the current study. Other ions used in the current study include 200 keV H+, 400 keV
N2+, 4 MeV Cu2+, and 9 MeV Cu3+. The projected range of all ions used in the current study
is larger than the film thickness so that full irradiation is achieved.
One remaining question in the previous study was what minimum fluence resulted in measur-
able change of the mechanical properties, film shrinkage and H loss. The minimum fluence
used for all ion irradiations in the current study was 1 × 1013 ions/cm2, one order of magnitude
lower than that in the previous study.
The mechanical properties and film shrinkage of the ion irradiated films were investigated and
compared with the results of the previous study. Chemical composition of the irradiated films
was also investigated and correlated with the change in the microstructure and the mechanical
properties. The origin of the ion irradiated films having a higher reduced elastic modulus
than fused silica was studied. The significance of the electronic and nuclear stopping in the
mechanical properties was also compared.
3. Study the effects of the types of the sol-gel system on the mechanical properties, film shrinkage
and H loss under heat treatment or ion irradiation.
In addition to the acid catalyzed films, base catalyzed films were also investigated in the
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current study. Base catalyzed films heat treated at 300 - 800 ◦C were compared with the
acid catalyzed films from the point of the view of film shrinkage, hardness and reduced elastic
modulus. Base catalyzed films irradiated with 125 keV H+ and 250 keV N2+ were also studied





2.1 Hybrid Silica Based Sol-gel Films
Organic/inorganic silica films are synthesized through a so-called sol-gel process in which silicon
alkoxides undergo hydrolysis and condensation resulting in a three dimension interconnected net-
work. The basic concept of the sol-gel process is described as follows.
In the sol-gel process, the precursors for preparing a sol consist of a metal or metalloid surrounded
by various organic or inorganic ligands. Metal or metalloid alkoxides that consist of a metal or
metalloid atom surrounded by alkoxy ligands are the most widely used precursors in sol-gel research.
The first metal alkoxide was prepared from SiCl4 and alcohol by Ebelmen in the 1840s and was used
to prepare oxide films using the sol-gel process in the 1930s [18–20]. Once the metal or metalloid
alkoxides are mixed with water, hydrolysis occurs resulting in the replacement of a ligand with a
hydroxyl group (-OH). These alkoxides may be partially or completely hydrolyzed depending on the
concentration of water and the characteristics of the catalysts [18]. Hydrolysis and condensation
reactions are not separated in time but take place simultaneously [19]. In a condensation reaction,
partially hydrolyzed molecules link together by liberating water or alcohol molecules. Figures 2.1 and
2.2 show the chemical reactions of hydrolysis and condensation by using tetraethoxysilane (TEOS)
as a starting precursor, respectively.
Monomers that are capable of forming at least two bonds could lead to a macromolecule by con-
tinuous condensation. If one molecule reaches macroscopic dimension so that it extends throughout
the solution, it is called a gel [18]. Thus a gel is a substance that contains a continuous solid skeleton
enclosing a continuous liquid phase. In the gelation process, the viscosity increases dramatically.
The sol can be deposited onto the substrate when an appropriate viscosity is reached. The solvent is
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Figure 2.1: A schematic of partial (a) and complete (b) hydrolysis of TEOS.
Figure 2.2: A schematic of water condensation (a) and alcohol condensation (b).
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then removed by a drying process which takes place in several stages. The first stage is the constant
rate period when the body shrinks by a volume equal to the volume of liquid that evaporates and the
liquid-vapor interface remains at the exterior surface of the body. As liquid evaporates solid-liquid
interfaces are replaced with solid-vapor interfaces gradually leading to an increase of the system
energy. The main driving force of shrinkage of a silicate sol is the capillary force arising from the
difference between the solid-vapor and solid-liquid interfacial energies. The critical point is the end
of the first stage when the body becomes too stiff to shrink and the evaporation rate decreases. Due
to the low permeability of the gel network, the tension of the liquid is greater near the drying surface,
which produces differential shrinkage rate leading to cracking. Cracking mostly occurs at the critical
point as the tension in the liquid reaches its maximum value [21]. It is observed that inorganic films
with a thickness of less than 0.5 µm do not crack regardless of the drying rate whereas films thicker
than 1 µm are mostly cracked [22–24]. Thicker crack-free films have been successfully produced by
adding inactive organics to provide extra compliance [18,21]. In the following stage, the falling rate
period, liquid recedes into the interior, the rate of evaporation decreases and almost no shrinkage of
the gel network occurs. Evaporation continues from the exterior of the body until liquid becomes
isolated and evaporation can only take place within the body and vapor diffuses to the outside. Heat
treatment at elevated temperature or ion irradiation are used to eliminate the residual organics and
to increase the mechanical properties.
Incorporating inactive organic components into precursors has been proved to provide sufficient
compliance for the production of crack-free films with a thickness up to 20 µm using the sol-gel
process [6]. Methyltriethoxysilane (MTES, the product of replacing an ethoxy group in TEOS with
a methyl group) is commonly used as inactive organic components donor to absorb the stress and
provide more compliance. The alkyl groups (i.e., methyl), which are inactive in hydrolysis and
condensation reactions, could also potentially increase the stability of positively charged transition
state, leading to increased hydrolysis reaction [25] and alter the particle size during condensation [26].
Another approach to increase the compliance of the sol is directly adding inactive organic chem-
icals into the precursor solution. Polyvinylpyrrolidone (PVP), a water-soluble macromolecular com-
pound, can be hybridized with polymers through strong hydrogen bonding between the C=O groups,
present in PVP, and the OH groups in the polymers [27, 28]. It works as a binder providing more
compliance and absorbing the generated stress during heat treatment thus thick crack-free films
could be created [29–32].
Using precursors containing inactive organic components in the sol-gel process also has the po-
tential of preferentially tailoring the resulting mechanical, optical and photonic properties in their
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final state through the use of selected organic components. Good machinability in the green state
and increased mechanical properties after ceramic conversion make hybrid silica films an appropriate
candidate as molds for replication of plastic complex optics.
A literature review on the structural evolution under heat treatment and ion irradiation, the
mechanical properties of the sol-gel derived hybrid silica and silicon oxycarbide, and the applications
of sol-gel derived hybrid silica is reported below.
2.2 Structural Evolution of Sol-gel Derived Hybrid Silica Un-
der Heat Treatment
Structural evolution of an amorphous gel under heat treatment is accompanied by shrinkage and
weight loss. The shrinkage process consists of three stages that are defined by the weight loss
behavior. In stage I, a small amount of shrinkage is accompanied by large weight loss which is the
result of desorption of physically adsorbed water or residual solvent. In stage II, significant shrinkage
and weight loss are primarily due to the removal of organics (principally weight loss), polymerization
(shrinkage proportional to weight loss), and structural relaxation (shrinkage only). In stage III, only
structural relaxation associated with densification by viscous flow occurs with no associated weight
loss. Excess free volume is removed through diffusive motion of the network leading to a denser
network.
As a consequence of incomplete hydrolysis of TEOS/MTES precursors and reversible conden-
sation in the sol-gel process, some organic groups, such as methyl groups (-CH3), residual ethoxyl
(-O-CH2CH3) and hydroxyl groups (-OH) still remain in the gel. During heat treatment in air, most
organic components are oxidized resulting in the carbon content being significantly lost. When heat
treated in a vacuum or an inert gas atmosphere, pyrolysis of the organic components is processed
through a different path where oxidization of the organic component is suppressed such that carbon
is partially reserved and preparation of silicon oxycarbide could be achieved.
2.2.1 Thermal Stability of Sol-gel Derived Hybrid Silica
Remaining mutual solvent (ethanol) and water are evaporated during the heat treatment. Desorption
of physically absorbed water (hydrogen bonded water) occurs between 150 ◦C and 200 ◦C [19].
Most ethoxyl groups bonded with Si react with water during hydrolysis resulting in the formation of
ethanol (CH3CH2OH) which evaporates in the following drying process, while unhydrolyzed ethoxyl
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groups remain stable up to around 250 ◦C and are then oxidized [33, 34]. Methyl groups in MTES
are not affected by hydrolysis and could be oxidized at 350 - 450 ◦C and completely disappear after
heat treatment at 500 - 600 ◦C [33,35–37]. Silanol groups (Si-OH) are condensed starting at about
170 ◦C leading to dehydration [38]. The dehydration is reversible up to 400 ◦C and irreversible above
400 ◦C. After heat treatment above 800 ◦C only isolated hydroxyl groups remain on the surface [37],
resulting in a similar structure to fused silica. Silica based sol-gel films retain an amorphous structure
up to 1350 ◦C [39].
Pure PVP starts to decompose at about 380 ◦C [40] and degrades to amorphous carbon at
∼450 ◦C in vacuum or an inert atmosphere [41]. Under O2 flow it may completely disappear through
pyrolysis at about 500 ◦C [32]. Partial decomposition of PVP and formation of carbonaceous residue
may start as low temperature as ∼230 ◦C in a gel [41,42].
When heat treated in vacuum or an inert atmosphere, the oxidization of organic components
is suppressed. Pyrolysis of ethoxyl groups starts at about 400 ◦C and result in the formation of
hydrocarbons which might be the source of carbide or free carbon phase in the network. Pyrolytic
cleavage of Si-CH3 takes place around 700
◦C by thermal cracking, instead of 500 ◦C by oxidation
in air. Si-C bonds could be formed through condensation of two Si-CH3 groups leading to a SiOC
network. SiOC is not thermodynamically stable thus a mixture of stable phases, such as silicon
carbide, amorphous carbon and silica can be formed instead during the heat treatment [7, 8].
2.2.2 Microstructures of Sol-gel Derived Silicon Oxycarbide Material
Silicon oxycarbide (SiOC) glass can be produced from preceramic silicone polymers that are formed
through the sol-gel process using silicon based alkoxides as precursors. A desired ceramic can
be converted from the preceramic polymers through a pyrolysis process in vacuum or an inert
atmosphere at temperatures above 800 ◦C. The structure of the SiOC glass after pyrolysis at 800
- 1000 ◦C can be described as SiCxO2(1−x) + yCfree [43, 44], where SiCxO2(1−x) represents the
stoichiometric silicon oxycarbide network and Cfree is the excess free carbon. The formation of
free carbon starts even as low as 600 ◦C through the redistribution of Si-O and Si-C bonds [45,46].
An evidence is that the pyrolyzed material shows a coloration from transparency to brown after
heat treated at 615 ◦C [46]. The free carbon contents of silicon oxycarbide glass derived from
hydrolysis and condensation of alkoxide highly depends on the nature of the inactive side groups of
the precursors: alkyl groups leading to moderate content of free carbon, unsaturated groups (vinyl,
phenyl) leading to high content of free carbon [43]. In order to minimize the free carbon content,
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replacing the side groups with H atoms practically creates oxycarbide with no free carbon phase [45].
Figure 2.3: A schematic of possible phases after phase separation of silicon oxycarbide
modified from [47].
Phase separation starts at ∼1200 ◦C, leading to the precipitation of nanosized crystalline SiC
and graphitic carbon cluster embedded in an amorphous matrix [43,47–56]. A schematic of a silicon
oxycarbide ternary phase diagram is shown in Fig. 2.3 representing all possible phases after phase
separation based on the chemical composition [47]. At above 1300 ◦C, the number of Si-C bonds
were observed to increase with a corresponding decrease of Si-O bonds, suggesting a carbothermal
reduction of SiO2 between the matrix and the free carbon resulting in the formation of SiC and
volatile species through [43,50,57]:
SiO2(s) + 3C(s) → SiC(s) + 2CO(g) (2.1)
Cristobalite, which usually forms at a temperature of ∼1200 ◦C, was not observed when the silicon
oxycarbide materials were pyrolyzed at 1200 to 1400◦C [55]. The excess free carbon is considered to
inhibit the nucleation of cristobalite as the short-range diffusion is strongly impeded by the excess
free carbon in the amorphous SiOC network. In contrast, pyrolysis in air which oxidizes the free
carbon promotes the nucleation and growth of cristobalite. At 1400 ◦C, despite the fact numerous
precipitations of SiC, there still exists a high amount of amorphous silicon oxycarbide. For Si-rich
oxycarbide, the phase separation starts at a temperature ∼1000 ◦C with precipitation of crystalline
silicon nanodomains, besides the formation of SiC and SiO2 [44,55]. At above 1400
◦C, generation of
bubbles is a result of the interaction between the nanodomains of silica and silicon forming gaseous
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SiO through [44]:
SiO2(s) + Si(s) → 2SiO(g) (2.2)
2.3 Ion Irradiation of Sol-gel Derived Hybrid Silica
Ion irradiation is an alternative method to convert green state sol-gel films into their ceramic state.
One of its major advantages in converting sol-gel films is the selective release of hydrogen while
retaining carbon [58–60]. This is in contrast to traditional heat treatment which affects the entire
organic components [35,61]. The resulting excess carbon is essential for the formation of nanophases,
such as SiC and amorphous carbon.
Pivin’s research group has investigated a variety of polymers derived from TEOS, MTES, tri-
ethoxysilan (TH), and polycarbosilan (PCS). These polymers were irradiated with He, C, Si, Cu, Au,
Ag and Xe with different energies (200 keV - 3 MeV) at fluences of 1×1014 - 5×1016 ions/cm2) [7,8].
Together with H release, a large portion of the carbon atoms segregate into clusters after ion irradia-
tion forming diamond-like carbon clusters which could be the reason for higher hardness than that of
conventionally heat treated specimens. Carbon also segregates in films heat treated in vacuum, but
shows a lower degree of sp3 hybridization than in irradiated films. The nature of cross-linking due
to ion irradiation is completely different from heat treatment in air which occurs at thermodynamic
equilibrium.
Regarding the origin of the selective H release and the formation of carbon clusters, electronic
energy transfer by excitation and ionization of the target electron has been considered the primary
cause for the conversion of green state sol-gel derived silica films. Nuclear energy transfer by di-
rect atomic collisions with the target atoms may affect the conversion when heavy ions are used.
Irradiation of methylhydroxylsiloxane (SR350) with 3 MeV Au shows a relative softening, (i.e., the
measured hardness levels off at high fluences), compared to 500 keV C irradiation which causes a
continuous increase in hardness with increasing fluence [7,8,62]. It is noted here that for irradiation
of SR350, the electronic and nuclear stopping powers are 355 and 230 eV·cm2/1015 atoms for Au,
and 64 and 1.7 eV·cm2/1015 atoms for C.
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2.4 Mechanical Properties of Sol-gel Derived Hybrid Silica
and Silicon Oxycarbide
The mechanical properties of hybrid sol-gel based silica have been widely reported. However the
mechanical properties are highly affected by the sol-gel process (such as the type of precursors, type
of catalyst, and the amount of water) and the condition of heat treatment or ion irradiation.
Yu et al. [63, 64] investigated the mechanical properties of hybrid silica films synthesized by
mixing acid catalyzed TEOS sol with base catalyzed MTES sol. The films were surface-modified
by 10% HMDS-toluene to replace residual surface silanol groups with methyl groups and then heat
treated in air up to 450 ◦C. When the molar ratio of TEOS/MTES was decreased from 2.0 to 0.25,
the porosity was observed to increase from 53% to 73% and hardness and reduced elastic modulus
measured using a Berkovich diamond indenter decreased from 1.24 to 0.35 GPa and from 8.5 to
2.6 GPa, respectively. In spite of the ratio of TEOS/MTES, all films showed increased hardness and
elastic modulus with increasing heat treatment temperature before cracks were observed [65, 66].
The increase in hardness and elastic modulus was attributed to the removal of the absorbed water,
organic components and hydroxyl groups which eventually led to a denser Si-O-Si network.
Silicon oxycarbide pyrolyzed at 1000 ◦C in Ar from preceramic polymer through sol-gel process
was determined to have an elastic modulus of 57 to 110 GPa and a hardness of 4.7 to 8.9 GPa,
depending on the chemical composition [44, 67], from a 3-point bending test. After pyrolysis at
1200 ◦C, the elastic modulus and hardness were measured to be 82 to 113 GPa and 6.6 to 9.3 GPa,
respectively. In general, the mechanical properties increase from low-carbon silicon oxycarbide to
carbon-rich silicon oxycarbide.
Pivin’s research group [7,8,68–72] has investigated the mechanical properties of various types of
PS (polysiloxane), which is the general term for organic polymers containing a -Si-O-Si backbone,
subjected to various ion irradiations. SiOC coatings obtained from methylhydroxylsiloxane (SR350),
phenylmethylhydroxylsioxane (SR355) silicone resins and phenyltriethoxysilane (PTES) alkoxide
solution show various hardness ranging from 15 GPa to 21 GPa under He, C and Au irradiation at
maximum achievable fluence (5×1016 for He, 1×1016 for C and 1×1015 for Au).
2.5 Applications of Sol-gel Derived Hybrid Silica Materials
Hybrid sol-gel derived silica has been used for mechanical, optical and electrical applications. Such
films have been used as metal corrosion inhibitors [73–76], abrasion resistance coatings on plastic
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substrates [77–79] and as electrochemical biosensors [80–82]. Hybrid silica material could also be
used in the production of monolithic columns which have been widely applied in capillary liquid
chromatography separation, as well as sample pretreatment of solid-phase microextraction and im-
mobilized enzyme reactors [83,84]. Due to their high machinability in the green state, hybrid silica
films were used as a mold coating for the replication of complex optical plastic components.
Regarding optical applications, hybrid sol-gel materials have been used as a host matrix for
organic laser dyes [85, 86]. These hybrid solid state dye lasers exhibit lower threshold powers for
laser action, laser slope efficiency close to theoretical values, long laser lifetimes, and could operate
at much higher repetition rates than other polymer hosts.
Hybrid silica can be used a low dielectric constant material to replace the common used insulator




3.1 Sol-gel Film Preparation
Sol-gel derived silica films from precursors TEOS/MTES were prepared at the Stiftung Institut
für Werkstofftechnik (IWT) in Bremen, Germany. The chemicals used in the sol-gel process are
presented in Table 3.1. Acetic acid (CH3COOH) and sodium hydroxide (NaOH) were used as
catalysts to increase the hydrolysis reactions, leading to two types of sol-gel films. The molecular
structures of TEOS, MTES, and PVP are shown in Appendix A.



































































Acid catalyzed (EtOH/Si = 5) 0.4 0.6 4 - 1 0.25 5 ≤3.5
Acid catalyzed (EtOH/Si = 7.5) 0.4 0.6 1 - 1 0.25 7.5 ≤1
Base catalyzed 1 4 - 0.96 5.66 - 1 ≤4
Base catalyzed (ethanol diluted) Base catalyzed sol diluted with ethanol
1:1 in Ar before deposition
≤1
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Figure 3.1: A schematic of the preparation of CH3COOH-catalyzed sol [90].
3.1.1 Acid Catalyzed Sol
The acid catalyzed sol was synthesized starting from a solution of ethanol, diluted water and acetic
acid in a beaker. A mixture of 0.4 mol TEOS and 0.6 mol MTES was then added drop by drop
to the starting solution under vigorous stirring as shown in Figure 3.1. The resulting solution was
stirred for 10 min before adding 0.25 mol PVP (polyvinylpyrrolidone) (C6H9NO)n, after which the
beaker was sealed to prevent evaporation of the ethanol and the solution was heated above 50 ◦C
for 30 minutes. After cooling, the sol was stored in a glass bottle in an Ar atmosphere for 24 hours
to achieve the proper viscosity before deposition. A schematic of the process is shown in Fig. 3.1.
3.1.2 Base Catalyzed Sol
The base catalyzed sol was prepared by dissolving NaOH in a solution of TEOS and MTES in a
three-neck flask and stirring the solution for 24 hours in an Ar atmosphere. Then a mixture of water
and ethanol was added drop by drop while keeping the solution temperature below 35 ◦C using a
water bath. The sol was kept in an Ar atmosphere for 24 hours before deposition. A schematic of
base catalyzed sol preparation is presented in Fig. 3.2.
3.1.3 Sol-gel Film Deposition
The solution was deposited by spin coating onto polished 50 mm diameter (100) Si wafers. After
the films were allowed to dry at 80 ◦C for at least 10 minutes, the acid and base catalyzed films were
heat treated in a pre-heated furnace at a temperature of 300 ◦C for 10 and 30 minutes, respectively.
The film thickness was initially estimated by ball grinding experiments performed at the IWT
and later measured by a step-height technique using atomic force microscopy (AFM) at Oklahoma
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Figure 3.2: A schematic of the preparation of NaOH-catalyzed sol [90].
State University. For the acid catalyzed sol (EtOH/Si = 7.5), deposition at rotational speeds of
1000, 1500 and 2500 rpm resulted in a nominal film thickness of about 1000, 800 and 600 nm,
respectively. A crack-free film with thickness up to 3.5 µm was obtained by depositing acid catalyzed
sol (EtOH/Si = 5) at 1000 rpm. Base catalyzed film could have a thickness up to 4 µm by depositing
base catalyzed sol at 1000 rpm and have a thickness of 1 µm by depositing diluted sol at 1500 rpm.
Using the measured film thickness, the area of the film, and the measured weight gain after coating,
the film density was estimated to be 1.3 g/cm3 for both acid and base catalyzed films.
3.2 Film Modification
3.2.1 Heat Treatment
Acid catalyzed films having a thickness of 1 µm were heat treated at 300 - 800 ◦C in ambient air
for 10 min or in vacuum for 30 min. 3 µm thick acid catalyzed films were also heat treated at 300 -
800 ◦C in ambient air for 10 min. Also 1 µm thick base catalyzed films produced from the diluted
sol were heat treated at 300 - 800 ◦C in ambient air for 30 min. More details about the conditions of
heat treatment are shown in Table 3.2. All heat treatments were performed at the IWT in Germany.
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Table 3.2: Heat treatment conditions
Film Heat Treatment Conditions
Acid catalyzed 3-µm thick 300 - 800 ◦C in air 10 min
Acid catalyzed 1-µm thick 300 - 800 ◦C in air 10 min
Acid catalyzed 1-µm thick 300 - 800 ◦C in vacuum 30 min
Base catalyzed 1-µm thick 300 - 800 ◦C in air 30 min
3.2.2 Ion Irradiation
Ion irradiation, as an alternative method to heat treatment, was used to convert the deposited sol
into a ceramic state. As an energetic ion traverses a solid, it undergoes a series of collisions with the
stationary target atoms, which deflect the ion from its initial trajectory, and with target electrons
in the solid, which lead to electron excitation and ionization. As a result of nuclear and electronic
collisions, the incident ions lose energy and eventually stop. The energy loss rate per travel distance























where the subscripts n and e refer to nuclear and electronic stopping.
Nuclear collisions usually involve large energy transfer and significant angular deflection of an
ion trajectory leading to the production of lattice disorder as shown in Fig. 3.3. Electronic collisions
involve much smaller energy loss per collision, negligible deflection of the ion trajectory and negligible
lattice disorder. However the importance of the two energy loss mechanisms varies with the energy
(E) and atomic number (Z) of the incident ion. In general, electronic stopping dominates for high
E and low Z while nuclear stopping takes over for low E and high Z.
In the area of ion irradiation, the projected range (Rp) is of great interest which is the projection
of the travel distance normal to the surface of the target. In this study, proper ions were chosen
such that the projected range calculated using SRIM [91] is larger than the film thickness.
Experimental
Individual specimens were cleaved approximately 8 mm × 8 mm or 25 mm × 25 mm in size from the
50 mm wafer for ion irradiation. Ion irradiation was carried out at room temperature with 200 keV
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Figure 3.3: A schematic of nuclear collisions which deflect the trajectory of the incident
ion.
H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at fluences from 1 × 1013 up to
2 × 1017 ions/cm2 of the acid catalyzed films with a nominal thickness of 1 µm. The base catalyzed
films were irradiated with 125 keV H+ and 250 keV N2+ ions at fluences ranging from 1 × 1014 to
1 × 1017 ions/cm2. In a previous investigation of the acid catalyzed films by [17], the irradiations
were performed using 125 keV H+ and 250 keV N2+ ions at fluences ranging from 1 × 1014 to
1 × 1017 ions/cm2. The detailed conditions of ion irradiation of the acid and base catalyzed films
are presented in Table 3.3. The beam current was less than 0.5 µA/cm2 for all irradiations in order
to avoid the thermal effects arising from the ion irradiation.
Ion irradiation was carried out using a 200 kV Danfysik ion implanter for the H and N irradiations
and a 3 MV tandem ion accelerator for the Cu irradiations at Los Alamos National Laboratory.
3.2.3 Secondary Heat Treatment
In an attempt to investigate the possibility of synthesizing nanostructures by ion irradiation, a sec-
ondary heat treatment at 1000 ◦C or 1350 ◦C in Ar for 2 hrs. after ion irradiation was performed on
the base catalyzed films irradiated with 125 keV H+ and 250 keV N2+ at fluences of 1 × 1015 and
1 × 1016 ions/cm2, as well as on unirradiated acid and base catalyzed films for comparison. Details
about the conditions of the secondary heat treatment are shown in Table 3.4.
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Table 3.3: Ion irradiation conditions
Film Ion Fluence (1015 ions/cm2)
Acid catalyzed 1-µm thick
200 keV H+ 0.01 - 200
400 keV N2+ 0.01 - 5
1 MeV Cu1+ 0.01 - 10
4 MeV Cu2+ 0.01 - 10
9 MeV Cu3+ 0.01 - 10
Base catalyzed 1-µm thick
125 keV H+ 0.1 - 15
250 keV N2+ 0.1 - 10
Acid catalyzed 600-nm thick [17]
125 keV H+ 0.1 - 100
250 keV N2+ 0.1 - 50
Table 3.4: Secondary heat treatment conditions
Type of sol-gel film Ion irradiation condition 2nd heat treatment condition
Acid catalyzed Unirradiated 1000 ◦C 2 hrs.
Base catalyzed
Unirradiated 1000 ◦C 2 hrs.
125 keV H+ 1015 ions/cm2 1000 ◦C 2 hrs.
125 keV H+ 1016 ions/cm2 1000 ◦C 2 hrs.
250 keV N2+ 1015 ions/cm2 1000 ◦C 2 hrs.
250 keV N2+ 1016 ions/cm2 1000 ◦C 2 hrs.
Acid catalyzed Unirradiated 1350 ◦C 2 hrs.
Base catalyzed
Unirradiated 1350 ◦C 2 hrs.
125 keV H+ 1015 ions/cm2 1350 ◦C 2 hrs.
125 keV H+ 1016 ions/cm2 1350 ◦C 2 hrs.
250 keV N2+ 1015 ions/cm2 1350 ◦C 2 hrs.
250 keV N2+ 1016 ions/cm2 1350 ◦C 2 hrs.
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3.3 Characterization Techniques
The investigations of this study involve measurements of the mechanical properties and identification
and characterization of the chemical compositions and structural evolutions by utilizing the following
techniques: atomic force microscopy (AFM) to investigate the surface topography and to measure
the surface roughness and film thickness, nanoindentation to determine the mechanical properties,
Rutherford backscattering spectrometry (RBS) and elastic recoil detection (ERD) to identify the
chemical composition and to analyze the bulk density, X-ray diffraction (XRD) to detect any possible
nanocrystalline phases, scanning electron microscopy (SEM) to study the surface structure and
possible porosity.
3.3.1 Nanoindentation
Depth-sensing nanoindentation has become the standard technique used for nanomechanical char-
acterization of materials. During nanoindentation, a force is applied by the transducer and the re-
sulting displacement is recorded simultaneously to produce a force versus displacement curve which
provides information on the elastic modulus and hardness [92–98], strain-hardening [99,100], crack-
ing [101,102], phase transformation [103,104] and creep behaviors [105–107]. The most common use
of nanoindentation tests is to extract mechanical properties, i.e., elastic modulus and hardness, from
the loading [108] or unloading [93,109,110] portion of the force-displacement curve. Unlike conven-
tional indentation hardness measurements in which the residual plastic impression in the specimen is
imaged as a function of applied load, the analysis method proposed by Oliver and Pharr [92,93,111]
in 1992 for measuring hardness and elastic modulus by instrumented indentation techniques has
been widely accepted and used in nanoscale mechanical behavior characterization. In this method,
the projected contact area is evaluated using the equations for the elastic contact of an indenter of
known geometry on a uniform and isotropic half space [93]. Thus the calculation of elastic modulus
and hardness can be done without the necessity of imaging the indentation residual impression after
the indentation.
Investigations in the early 1970s by Bulychev, Alekhin, Shorshorov, and co-works on the measure-
ments of elastic modulus through indentation load-displacement data showed the elastic modulus






























Figure 3.4: A typical loading function and recorded load-displacement curve showing:
the maximum load, Pmax, the contact depth, hc, the final depth, hf , and the measured
stiffness, S. An inset showing an indentation impression after load removal imaged by
atomic force microscopy.
where S = dP/dh is the experimentally measured stiffness determined from the slope of the initial
portion of the unloading data as shown in Figure 3.4, A is the projected area of elastic contact, and
Em is the elastic modulus. If the indenter is non-rigid, the reduced elastic modulus, Er, should be














where E and ν are the elastic modulus and Poisson’s ratio for the specimen and Ei and νi are the








The projected contact area, A, could be related to a function of contact depth, f(hc), for an
indenter with known geometry. A general form of the projected area function proposed by Oliver
and Pharr [93] is
A = C0h
2






c + .......+ C8h
1/128
c (3.5)
where C0, C2, · · · , C8 are constants obtained from the indenter area function calibration. Figure 3.5
shows a cross section of an indentation representing the contact profiles under load and after load
removal and the parameters used in the analysis. The contact depth at peak load, hc, is written as
hc = hmax − hs (3.6)
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Figure 3.5: A schematic representation of a cross section through an indentation showing:
contact profile under load and after load removal, the maximum depth under load, hmax,
the contact depth, hc, the final depth, hf . (Figure recreated based on [93])
where hmax is the maximum depth at peak load and hs is the elastic deflection of the surface at






where ϵ is a geometric constant, and equals 0.72 for a conical indenter, 0.75 for a paraboloid of
revolution, and 1 for a flat punch.
In addition to the elastic modulus, the indentation hardness, a measure of resistance to plastic





where A is the projected area of contact at peak load, Pmax.
Calibration of the load frame compliance
When a load is applied to the indenter, an equal and opposite force is applied to the load frame.
The deflection of the load frame which results from the opposite reaction force is captured by the
displacement sensor. This introduces an error into the load-displacement curve as the recorded
displacement is a combination of the displacement of the load frame and the displacement into the
specimen. Treating the system of the load frame and the specimen as two springs in series, the total
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compliance, C, can be written as
C = Cs + Cf (3.9)
where C is the total measured compliance, Cs is the compliance of the specimen, and Cf is the
compliance of the load frame. Since the compliance of the specimen, Cs, is given by the inverse of
the contact stiffness, S, the total measured compliance, C, can be rewritten using Eq. 3.3 as







If the elastic modulus of the material is constant, a plot of C vs 1/
√
A is linear, with the intercept
being a direct measure of the load frame compliance. It is important to note that the compliance
referred to here doesn’t apply to the non-rigidity of the indenter which is accounted for by using the
reduced elastic modulus in the analysis procedure.
There are several possible methods existing for determining the load frame compliance, Cf ,
using reference specimens that are homogenous and isotropic and for which both elastic modulus
and Poisson’s ratio are known. Oliver and Pharr [93,113] proposed an iterative technique to calibrate
both the load frame compliance and indenter area function. According to Eq. 3.5, the area function




at large depth to provide a first estimate of the contact area. The initial estimate of the load frame
compliance is obtained by plotting C vs
√
A for two large indentations. Then the contact areas are
recalculated using the initial estimate of the load frame compliance, leading to an initial fitting of
the indenter area function based on Eq. 3.5. Using the new area function the procedure is applied
and iterated until convergence is achieved. Another approach involves reference specimens with
known elastic modulus and hardness and an additional assumption of constant hardness with depth.
Inserting Eq. 3.8 into Eq. 3.10 yields








Thus the load frame compliance can be directly determined from a C vs 1/
√
Pmax plot.
Once the compliance of the load frame is known, the displacement into the specimen under load
could be calculated by subtracting the displacement of the load frame, which is the product of
the load frame compliance and the indenter load at each load increment, from the recorded total
displacement.
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Calibration of the indenter area function
Accurately determining the indenter area function is crucial for the measurement of elastic modulus
and hardness as this error directly transfers into errors of calculating contact area and hardness.
The projected contact areas are calculated from a series of indentations on reference materials of
which the elastic modulus is constant with depth and fitted as a function of contact depth using
Eq. 3.5, a multi-term polynomial form proposed by Oliver and Pharr. For a Berkovich indenter, the
lead term, C0 = 24.5, describes a perfect geometry of the Berkovich indenter, the others describe
deviations from the Berkovich geometry due to blunting at the tip. Unlike determining the load
frame compliance in which nanoindentations are performed with large depth, it is necessary to
perform nanoindentations with a broad range of depth.
Indentation size effect
In nanoindentation studies hardness is often observed to increase with decreasing indentation depth,
which is referred to as the indentation size effect (ISE) [112, 114–117]. The ISE is most often ob-
served for material on which the indentation is performed using geometrically self-similar indenters,
like pyramids and cones. Another scale-dependent behavior is called the reverse indentation size
effect [118] where the hardness is found to increase with the increasing penetration depth.
The widely used model to explain the normal ISE in crystals is that developed by Nix & Gao [114].
The model is based on the concept of geometrically necessary dislocations (GNDs). The basic prin-
ciple is in addition to the usual statistically stored dislocations produced during uniform straining,
the GNDs give rise to an extra hardening component that becomes larger as the penetration depth
decreases. The flow stress (σ) is related to the dislocation density, ρT , with the assumption that ρT





ρS + ρG (3.13)
where α is the Taylor factor, G is the shear modulus, b is the Burger’s vector, ρS is the density
of statistically stored dislocations and ρG is the density of geometrically necessary dislocations.





where D is the diameter of the residual indentation impression and γ is an average strain. Through
the Taylor relation, the hardness H is related to the flow stress by
H = 3σ (3.15)
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Thus the hardness is inversely proportional to the square root of the mean diameter of the indentation
residual impression.
Determining the elastic modulus and hardness of a thin films on a substrate
The analysis method proposed by Oliver and Pharr [93] in 1992 has become the standard for de-
termining the indentation hardness and elastic modulus from the load-displacement curve for bulk
materials. The main difficulty of nanoindentation on thin films is to avoid the unintentional probing
of the properties of the substrate. In general, the effect of the substrate increases with increasing
indentation depth and with increasing elastic mismatch between film and substrate. One common
rule of thumb is to keep the indentation depth in a test to less than 10% of the film thickness [120]
to avoid the substrate effects. This empirical rule is experimentally feasible for films that are greater
than about 1 µm thick, but not reliable for very thin films. For example, nanoindentation on a
0.1 µm thick film requires a maximum indentation depth less than 10 nm according to this rule.
Accurate measurements at this scale are difficult due to the uncertainties in the indenter geometry,
environmental vibrations, and the effects of surface roughness.
Several approaches to model the substrate effects and to extract intrinsic material properties of
thin films have been reported [94, 121–123]. The simplest empirical expression for determining the
elastic modulus of a thin film on a substrate is linear [94]:














where E, Es and Ef are the elastic moduli of the film-substrate system, the substrate and the thin
film, ν and νi are Poisson’s ratio for the film-substrate system and the indenter. Parameter x is
defined as act , where ac is the mean radius of the contact area, and t is the film thickness. A severe
problem with this linear model is that it gives unrealistic values when it is used to extrapolate to
large depths of penetration.
Gao et al., [123] developed an analytical solution using an approximate first-order perturbation
method for the contact of a rigid cylindrical punch with a homogenous half space with a surface
layer of a different material. The effective modulus of the film-substrate system is determined in
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closed form as the averaged indentation moduli of the film and the substrate with a weight function,
ϕGao, with x being defined as ac/t,
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ln(1 + x2) (3.22)
This approach overestimates the substrate effect when the film is stiffer than the substrate and
underestimates the substrate effect when the film is more compliant than the substrate [124]. This
error significantly increases with the increase of elastic mismatch between the film and the substrate.
By treating the film-substrate system as two springs in series, Doerner and Nix [121] proposed















where x = t/hc, and α is an empirically constant determined using the method of least squares.
This solution has been modified by King [122] with the replacement of x = t/hc by x = t/ac with
ac being the mean radius of contact area and then updated by Saha and Nix [125] with replacement
of x = t/hc by (t − hc)/ac, where t − hc describes the effective thickness of the film beneath the
indenter because of plastic flow during loading.
The hardness of a thin film on a substrate is more difficult to quantify than the elastic mod-
ulus because of the complex nature of the plastic zone as it interacts with the substrate material.
Buckle [126] proposed the effective hardness of a film-substrate system is linearly related with the
hardness of the film and the substrate, and expressed as,
Heff = αHf + (1− α)Hs (3.24)
where α is an empirical parameter. Jonsson and Hogmark [127] modified the expression with re-
placement of the parameter α with Af/A, where Af is the relative part of the contact contributed by
the film, and A is the total contact area. Rather than using the projected contact area as a measure
of the relative contribution to the effective hardness from the film and the substrate, Burnett and
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Rickerby [128] updated parameter α with a relative volume ratio of the plastic zones (Vf/V ) based
on a volume law of mixtures.
With all the efforts and investigations into all kinds of film substrate configurations by previous
researchers, there is no one relationship proposed which covers a wide range of material behaviors.
The 10% of the thickness rule seems to be the most generally used.
Experimental
In this study, nanoindentation experiments were performed using a load-controlled commercial
nanoindenter. A diamond Berkovich indenter was used for all the experiments. Before performing
nanoindentation, the machine and the specimens were allowed to thermally equilibrate for 12 hrs in
a thermal enclosure. Indentation on the specimens were separated with a spacing 50 µm in order
to avoid the interference from the previous indentation. The frame compliance and area function of
the indenter were calibrated following the procedure discussed in the previous section. The reference
specimen used in the calibration is fused silica having a hardness of 9.25 GPa and a reduced elastic
modulus of 69.6 GPa. It is noted that when the contact depth approaches the value R/3, with R
being the radius of the indenter curvature, the hardness values become unreliable which is a normal
effect due to tip roundness. The values for reduced modulus stay relatively constant because the
values was defined as 69.6 GPa when the area function was calibrated. However hardness is a com-
puted value that is dependent on the projected contact area between the indenter and the specimen.
As the contact depth approaches R/3, the projected contact area described by the indenter area
function starts deviating from the true projected contact area. This deviation becomes significant
when the contact depth is less than R/3. It is recommended to perform nanoindentation with con-
tact depth larger than R/3 (∼30 nm for the Berkovich indenter we used). The calibrated range is
from ∼30 nm up to 190 nm using fused silica as a reference, However it is reasonable to extend this
range to higher depth given the indenter is not damaged as the area function calibrated will imitate
the ideal shape of the indenter at deeper depths.
Thermal drift, referring to a change in dimension of the indenter, the specimen and the instrument
from a temperature change is vital in performing shallow indentations as it directly affects the
calculation of the hardness by affecting the contact depth. It also affects the measurements of the
reduced elastic modulus because it affects the slope of the unloading curve. In order to reduce the
effects of thermal drift, the instrument is placed in a insulated cabinet. As a further step to eliminate
the effects of thermal drift, the thermal drift is monitored for 40 s at the preloading stage when a
setpoint force of approximately 2 µN is maintained between the tip and the specimen before the
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indentation or calculated by setting up a holding section at the end of the unloading part of the test
cycle. The drift rate, in nm/s, is then used to correct the displacement reading by subtracting the
product of the drift rate and the time at which the displacement reading was recorded. The loading
function used in this study has three segments as shown in Fig. 3.4: 10 s loading, 20 s holding of
the maximum load and 10 s unloading. The drift rate was monitored to be less than 0.05 nm/s.
Surface roughness has a negative influence on the nanoindentation test results, especially at
shallow depth of penetration as it brings large uncertainty in the determination of the contact area.
In order to obtain an uncertainty of the indentation depth less than 5% of the indentation depth,
the indentation depth should be at least 20 times the arithmetic roughness Ra of the specimen
surface [129]. The root mean square surface roughness Rq measured by AFM for all specimens was
found to be approximately 1 nm for the acid-catalyzed films and 3 nm for the base catalyzed films
over a scan size of 1 µm × 1 µm. For a given surface, Rq is larger than Ra by approximately 10%.
Therefore for shallow indentations, the contact depth is required to be larger than ∼30 nm) to
minimize the effects of the tip roundness. Also it needs to be larger than the 20 times of the surface
roughness, which is 20 nm for the acid catalyzed-films and 60 nm for the base catalyzed films, in
order to reduce the uncertainty of the depth measurements.
3.3.2 Rutherford Backscattering Spectrometry
Rutherford backscattering spectrometry (RBS) is an ion scattering technique. It has been widely
used for compositional analysis of thin films, including detection of impurities and quantitative
identification of elemental composition and depth profiling of individual elements. RBS is unique
in that it allows quantification without the use of reference standards. The theory of Rutherford
scattering is briefly discussed below.
Considering a simple elastic collision between an incident ion and a stationary target atom, the
energy after collision can be determined by applying the principles of conservation of energy and
momentum. A schematic of an elastic collision between an incident ion of mass M1, atomic number
Z1, velocity v0, and energy E0 and a stationary target atom of mass M2 and atomic number Z2
is shown in Fig. 3.6. After the collision, the incident ion and the target atom have velocities and
energies v1, E1 and v2, E2, respectively. The scattering angle θ and recoil angle ϕ are defined as
shown in Fig. 3.6.

















Figure 3.6: A schematic of an elastic collision between an incident ion of mass M1,
velocity v0, and energy E0 and a stationary target atom of mass M2 (≥ M1).
M1v0 = M1v1cosθ +M2v2cosϕ (3.26)
0 = M1v1sinθ −M2v2sinϕ (3.27)
The energy of the incident ion after elastic collision is solved by eliminating ϕ and v2 in Eqs. 3.25,
3.26 and 3.27. Now define the ratio of the energy of the incident ion after the elastic collision to
that before the collision as the kinematic factor K,








where the plus sign is taken when M1 ≤ M2, otherwise the minus sign is taken. If the primary
energy E0 of the incident ion and its mass M1 are known, and the energy E1 after the collisions
could be measured at a known scattering angle θ, the mass M2 of the target atom that caused the
scattering can be determined from Eq. 3.29.
While the kinematic equation determines the mass of the unknown target, it does not describe
the probability of observing such an event. Therefore, the differential scattering cross section of
















where σ is the scattering cross section, Ω is the detector solid angle. The Rutherford cross section is
calculated based on the assumption that the forces acting during the collision between the projectile
and the target atom are well described by the Coulombic repulsion of the two nuclei. When the energy
of the incident ion is so high that the ion starts penetrating the Coulomb barrier of the target atom,
the so called non-Rutherford cross section must be considered. As the distance of closet approach
during collision is close to the nuclear dimensions, nuclear resonance becomes significant causing
considerable deviation of the scattering cross section from Rutherford cross section. There have
been attempts to model the threshold energy for non-Rutherford scattering [131–133], and over the
past ten years non-Rutherford cross sections have been measured and evaluated, which could be
used in ion beam analysis for precise analysis.
A Rutherford backscattering system generally includes three essential components: an ion source,
a particle accelerator and a detector capable of measuring the energies of backscattered ions at the
scattering angle. The energy of the scattered ions is detected and the yield of the scattered ions at
the detected energy is also recorded. Therefore a RBS spectrum is generated as a plot of the yield
vs. the scattered energy.
A schematic of backscattering events in a specimen consisting of a monoisotopic element and the
resultant RBS spectrum is shown in Fig. 3.7. The incident beam, the direction of detection, and
the specimen normal are coplanar. A collimated ion beam with energy E0 impinges the specimen
at an incident angle θ1. The backscattered ions are collected at scattering angle θ. Considering the
specimen consisted of slabs with thickness τi from which all the backscattering events are recorded,
the number of atoms in each slab is given by Nτi, where N is the atomic density of the specimen.
The thickness of each slab is corresponding to the energy width of the detector ϵ (in keV/channel).
The total number of particles detected (Hi) corresponding to slab i is expressed as
Hi = σ(Ei)ΩQNτi/cosθ1 (3.31)
where σ(Ei) =
dσ
dΩ is the differential cross section evaluated at energy Ei and Q is the total number
of particles incident on the specimen. When the incident beam interacts with a compound target
at the surface, the yield from each element is shown as a surface peak in the spectrum at different
detected energies defined by the kinematic factor (K). The areal density (a measure of thickness
used in ion beam analysis) can be obtained by the integral of Nτi from Eq. 3.31. Thus the depth
profile of each element in the specimen can be determined.
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Figure 3.7: A schematic of backscattering events in a specimen consisting of a monoiso-
topic element and the resultant RBS spectrum. The incident beam, the direction of
detection, and the specimen normal are coplanar.
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Experimental
In this study, a collimated beam of 3.83 MeV 4He+ ions was produced by a NEC Pelletron tandem
accelerator in the Ion Beam Materials Laboratory at Los Alamos National Laboratory. In a tandem
accelerator negative ions produced by an appropriate ion source are accelerated from ground to the
positively charged high voltage terminal where the electrons from the incoming ions are stripped
resulting in desired positively charged ions. The incident ions experience a second time acceleration
when traveling to the ground at the other end of the machine. The resulting kinetic energy (E) of
the beam is given by:
E = (e+ q)U (3.32)
where, e is the absolute value of the charge of an electron, q is the desired charge of the incident
ion, and U is the terminal voltage.
The backscattered ions are detected at a scattering angle of 167◦ in the Cornell geometry in
which the incident beam, the exit beam and the specimen rotation axis are in the same plane. The
incident angle is 0◦ in this study while the exit angle is defined as
cosθ = −cosθ1cosθ2 (3.33)
Each spectrum was obtained with accumulated beam charge of 12 µC.
3.3.3 Elastic Recoil Detection
Similar to RBS, elastic recoil detection (ERD) is also an ion beam spectroscopic technique, but it
is capable of detecting light elements. As an energetic ion beam is directed at the specimen at a
grazing angle, electronic and nuclear interactions between incident ions and target atoms occurs
causing the lighter target atoms to recoil, which are collected by a detector. In most cases, a proper
absorber, typically a Mylar foil, is placed in front of the detector which blocks the backscattered
incident ions and allows lighter target atoms passing through to the detector.
A schematic of an ERD experiment is shown in Fig. 3.8. An incident ion with energy E0, mass
M1, and atomic number Z1 penetrates into the specimen at an incident angle θ1. At the projected
depth xi, the projectile has an energy E
′
0 just before scattering with a target atom with mass M2 and
atomic number Z2. The recoiled atom is scattered at a scattering angle defined as θ = π− (θ1+ θ2).
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Figure 3.8: A schematic of an ERD experiment showing: the incident and exit angles
(θ1 and θ2), the energy loss (E0-E
′
0) of the incident beam at depth xi, the energy (E2)
of the recoiled atom at depth xi, the energy (E3) of the recoiled atom after it exits the
specimen, and the energy (Ed) of the recoiled atom passing through a mylar foil detected
by a surface barrier detector.
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where ϕ is the fluence of the projectile, Nr(xi) is the atomic number density of the recoiled atom at
depth xi, σr(E
′
0, θ) is the recoil differential scattering cross section in laboratory coordinates, and
dx is the increment of depth at xi corresponding to an increment of energy dEd. In order to obtain
a concentration profile (Nr(xi)) from the yield (Yr), analytical expressions for σr(E
′
0, θ), δEd and
dEd/dx must be determined as ϕ, Ω and θ1 are fixed in the experimental configuration.
The recoil differential cross section is governed by Coulombic scattering and was given by Marison












The energy width δEd is determined using a reference specimen which has a well known H con-
centration profile. The energy scale dEd/dx varies with the projected depth xi and is solved by
considering the specimen consisted of many thin slabs similar to the RBS analysis.
Experimental
ERD was performed at Los Alamos National Laboratory. A 2.85 MeV 4He+ ion beam was incident
at an angle of 75◦ in the IBM geometry. The recoiled atoms were detected at a scattering angle of
30◦ while the exit angle is given by
θ = 180− θ1 − θ2 (3.36)
In IBM geometry the incident beam, exit beam and the surface normal are in the same plane.
A 12 µm thick Mylar foil was placed in front of the ERD detector to block the backscattered
projectiles.
3.3.4 X-ray Diffraction
X-ray diffraction is an analytical technique primarily used for phase identification of a crystalline
material. The interaction of the incident X-rays with the crystalline material produces constructive
interferences if the conditions satisfy Bragg’s Law [135] which relates the wavelength of the incident
X-ray to the diffraction angle and the interplanar spacing in a crystal. By comparing the interplanar
spacings with standard reference patterns, the material is identified and crystalline orientations are
determined.
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The XRD experiments were performed at Los Alamos National Laboratory and in the Helmerich
Research Center in Tulsa.
3.3.5 Scanning Electron Microscopy
Scanning electron microscope uses electrons as the source of illumination, and produces images from
the secondary electrons resulting from the interactions of the incident electrons and atoms in the
specimen. SEM is commonly used to study the surface structures.
SEM experiments were performed using a FEI Quanta 600 Field-Emission SEM located in the
Oklahoma State University (OSU) Microscopy Laboratory at the Oklahoma Technology & Research




4.1 Surface Characterization of Heat Treated and Ion Irra-
diated Acid Catalyzed Sol-gel Films
4.1.1 Surface Topography Characterization
The surfaces of the green films and the films after heat treatment or ion irradiation were investigated
using atomic force microscopy. Surface topography of the films measured by AFM over a scan size
of 10 µm × 10 µm up to 40 µm × 40 µm did not show any signs of surface cracks on the green
films, the films heat treated at 300 - 800 ◦C in ambient air or in vacuum, and the film heat treated
at 1100 ◦C in an Ar flow. The film heat treated at 1350 ◦C in Ar flow for 2 hrs exhibited numerous
bubbles as shown in Fig. 4.1(a) observed with an optical microscope with a 20X objective. The
observed bubbles might result from the interaction between the silica film and the silicon substrate
at the interface forming gaseous SiO, through [44]:
SiO2(s) + Si(s) → 2SiO(g) (4.1)
Surface topography measured by AFM at bubble-free areas over a scan size of 10 µm × 10 µm
revealed surface cracks indicated by the red arrows in Fig. 4.1 (b). The thermal expansion mismatch
between the films and the substrate might be responsible for the cracking as a result of releasing
high residual compressive stress upon cooling [136]. Another possible reason for the cracks was the
generation of bubbles as a result of chemical reactions between the films and the Si substrate forming
gaseous SiO [44]. Compared with heat treatment, ion irradiations with 125 keV H+, 200 keV H+,
250 keV N2+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at varying fluences from
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Figure 4.1: (a) A microscopic image of the acid catalyzed film heat treated at 1350 ◦C in
Ar for 2 hrs showing numerous bubbles, and (b) surface topography measured by AFM
at bubble-free areas over a scan size of 10 µm × 10 µm showing surface cracks.
1013 up to 2 × 1017 ions/cm2 did not introduce any surface cracks.
Selected films were also prepared and investigated by scanning electron microscopy (SEM). Fig-
ure 4.2 shows the SEM images taken from: 600 nm thick acid catalyzed films (a) heat treated at
300 ◦C for 10 min, (b) heat treated at 800 ◦C for 10 min, and (c) irradiated with 250 keV N2+ at
a fluence of 1015 ions/cm2. SEM images were taken near scratches created for thickness measure-
ments deliberately such that both the films and the substrate were imaged. There was no sign of
cracks observed on the investigated films, consistent with the AFM results. Also there was no visible
porosity observed on the investigated surfaces which could be due to pores being smaller than the
resolution of the SEM or no open pores on the surface.
Surface buckling was observed on some ion irradiated films after being stored in the labora-
tory at room temperature for about one month. The films irradiated with H+ at a fluence of
1 × 1016 ions/cm2 exhibited localized fishbone-like buckling while the films irradiated at a fluence
of 1 × 1017 ions/cm2 or above were completely delaminated as a result of overwhelming buckling.
There was no buckling observed on the films irradiated with 400 keV N2+, 1 MeV Cu+, 4 MeV
Cu2+ and 9 MeV Cu3+ at fluences up to 1 × 1016 ions/cm2 and the films after heat treatment at
300 - 800 ◦C in ambient air or in vacuum, even at 1100 ◦C in Ar for 2 hrs. The buckling defects
were attributed to the high residual compressive stress resulting from ion irradiation [137,138].
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Figure 4.2: SEM images of the surface of 600 nm thick acid catalyzed films (a) heat
treated at 300 ◦C for 10 min, (b) heat treated at 800 ◦C for 10 min, and (c) irradiated
with 250 keV N2+ at a fluence of 1015 ions/cm2.
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4.1.2 Surface Roughness Measurements
Surface roughness of the specimens investigated was measured by AFM over a scan size of 1 µm× 1 µm.
Prior to heat treatment and ion irradiation, the acid catalyzed films had a surface roughness Rq (de-
fined as the root mean square height of the surface) of approximately 1 nm. Neither heat treatment
in ambient air or in vacuum at the temperatures 300 - 800 ◦C, nor ion irradiation had a noticeable
influence on the measured surface roughness. Surface roughness of the film heat treated at 1100 ◦C
in Ar for 2 hrs was measured to be 1.2 nm Rq, comparable with the other heat treated and ion
irradiated films.
4.2 The Effects of Heat Treatment on the Acid Catalyzed
Sol-gel Films
4.2.1 Thickness and Mechanical Properties Characterization
The change in the film thickness as a result of heat treatment was measured by AFM using a step
height technique [17]. By creating a scratch with a razor blade, a step is formed between the exposed
substrate and the remaining film. Error in the measurement of the film thickness could result if the
films are not completely removed from the substrate, the cut goes into the substrate, and/or material
builds up along the edge of the scratch. The surface roughness of the scratched area was measured
to be ∼1 nm over a scan size of 1 µm × 1 µm, suggesting the films are completely removed from
the Si substrate and there is no measurable surface damage to the substrate as a result of the
scratch. An AFM scan size of 40 µm × 40 µm has proven to be sufficient to successfully measure
the topography of the scratch edge, a large portion of the scratched area, and an extended area of
the film (consisting of the area where the material builds up along the edge and a large area of flat
surface). The scratches were made on each green film before heat treatment or ion irradiation to
avoid the situation that the converted film is too hard to scratch. Figure 4.3 shows film thickness
and shrinkage of the acid catalyzed films heat treated in ambient air and in vacuum as a function of
heat treatment temperature. All reported data represent the average of five experiments with the
error bars representing the maximum and minimum values obtained. Film thickness was observed
to monotonically decrease with increasing heat treatment temperature in the range of temperatures
investigated as a result of the organic components oxidation (or decomposition), polymerization and
structural relaxation [18]. The green films used in the ambient air heat treatment showed thicknesses
about 70 nm higher than those used in the vacuum heat treatment due to the repeatability of the
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film production in different batches. Therefore a better way to evaluate the change of thickness after
heat treatment is using shinkage, a change of thickness divided by the green film thickness. The
shrinkage of the film heat treated in ambient air was constantly ∼20% higher than the film heat
treated in vacuum when compared at the same temperature above 400 ◦C. At 400 ◦C, heat treatment
in air introduced a 34% shrinkage while heat treatment in vacuum caused a 10% shrinkage. This
is mainly due to the fact that decomposition of the organic groups requires a higher temperature
in vacuum than the oxidization of the same organics in ambient air. For example, oxidation of the
methyl groups in MTES starts at ∼350 ◦C in air while thermal cleavage of Si-CH3 bonds in vacuum
requires a temperature above 650 ◦C [36,139]. The film heat treated at 800 ◦C in ambient air had a
thickness of 250 nm, a shrinkage of 68% with respect to the green film, while the film heat treated
at the same temperature in vacuum had a thickness of 370 nm, a shrinkage of 48%.
The effect of heat treatment on the hardness and reduced elastic modulus was investigated using
nanoindentation. Figure 4.4 shows the hardness and reduced elastic modulus of the acid catalyzed
films as a function of heat treatment temperature after heat treatment in ambient air and in vacuum.
All reported data represent the average of five indentations at a contact depth/film thickness ratio
of 10%, and the error bars represent the maximum and minimum values obtained. The films heat
treated in ambient air showed a gradual increase in hardness with increasing temperature from
0.3 GPa at 300 ◦C to 1.2 GPa at 800 ◦C. Unlike the shrinkage behavior, the measured hardness
of the films heat treated in vacuum remained relatively constant up to 600 ◦C and then increased.
At 800 ◦C, the effect of heat treatment environment (ambient air or vacuum) on the measured
hardness was negligible. The measured reduced elastic modulus of the films heat treated in vacuum
exhibited a continuous decrease up to 500 ◦C and then increased with increasing temperature while
the reduced elastic modulus of the films heat treated in ambient air remained relatively constant up
to 500 ◦C after which it increased.
The increase of hardness and reduced elastic modulus with increasing temperature in ambient air
was supported by FT-IR experiments performed on the same specimens by Prenzel [90]. It was found
that with increasing temperature in ambient air the organic components were gradually oxidized
and a stronger network was formed through polymerization and decreasing film porosity [140, 141].
Compared with heat treatment in ambient air, the decomposition of the organic components was
completed at higher temperature (800 ◦C compared to 600 ◦C in air) consistent with the abrupt
increase in the measured hardness and reduced elastic modulus of the film heat treated in vacuum
at 800 ◦C.
Further increasing the mechanical properties can be achieved by performing heat treatment at
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Figure 4.3: Plots of (a) film thickness and (b) shrinkage of the acid catalyzed films heat
treated in ambient air and in vacuum as a function of temperature.
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(a) Hardness
(b) Reduced elastic modulus
Figure 4.4: Plots of (a) hardness and (b) reduced elastic modulus of the acid catalyzed
films heat treated in ambient air and in vacuum as a function of temperature.
43
even higher temperature in vacuum or an inert gas. The film heat treated at 1100 ◦C in Ar for 2 hrs
had a thickness of ∼100 nm. The hardness and reduced elastic modulus depth profiles obtained by
nanoindentation are shown in Fig. 4.5. The hardness was determined to be 8.7 GPa at a contact
depth of 30 nm and the reduced elastic modulus was extracted based on the model proposed by
Doerner and Nix [121] to be 68.7 GPa. The measured hardness and reduced elastic modulus were
in good agreement with amorphous fused silica (a hardness of 9.2 GPa and reduced elastic modulus
of 69.6 GPa), suggesting the microstructure of the heat treated film is similar to amorphous silica.
4.2.2 Chemical Structure of the Green Films
The changes in film shrinkage and mechanical properties were attributed to the structural evolution
during heat treatment. The chemical nature of the green film is described next. The acid catalyzed
sols were prepared with precursors of 0.4 mol TEOS, 0.6 mol MTES and 1 mol H2O, which were
all involved in the hydrolysis and condensation reactions in the sol-gel process. The content of H2O
significantly affects the progress of the chemical reactions therefore affecting the chemical structure
of the final product after the drying process [142]. The most obvious effect of the increased H2O/Si
ratio is the acceleration of the hydrolysis reactions [18]. Lower concentration of H2O leads to large
fractions of the unhydrolyzed monomers existing in the gel. For a sol starting with 0.4 mol TEOS and
0.6 mol MTES, the theoretical minimum requirement of the H2O in order to fully eliminate all ethoxyl
groups through hydrolysis and condensation is 1.7 mol, leading to a theoretical chemical composition
with formula SiO1.7(CH3)0.6. Calculation was based on the chemical reactions in the hydrolysis and
condensation detailed in Figs. 2.1 and 2.2 that 1 mol TEOS requires 2 mol H2O and 1 mol MTES
needs 1.5 mol H2O to completely hydrolyze all the ethoxyl groups. In the process of preparing the
sols used in this study, the H2O content was 1 mol, which is less than the theoretical minimum
value, resulting unhydrolyzed ethoxyl groups . The theoretical chemical composition is described as
SiO(OC2H5)1.4(CH3)0.6 with the assumption that all H2O was consumed in the chemical reactions
and no hydroxyl groups was left for further condensation. In reality, the condensation is reversible
up to 400 ◦C such that there are always hydroxyl groups existing in the sols prepared at 50 ◦C after
the condensation process. This adds hydroxyl components into the theoretical formula and increases
the ethoxyl content. The ethoxyl groups were reported to start degradation at ∼250 ◦C [33, 142]
while methyl groups in MTES were thermally stable up to 350 - 450 ◦C in ambient air [33, 35–37].
PVP started partial decomposition at a low temperature of ∼230 ◦C in a gel network and still
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(b) Reduced elastic modulus
Figure 4.5: Depth profiles of (a) hardness and (b) reduced elastic modulus obtained by
nanoindentation for the acid catalyzed film heat treated at 1100 ◦C in Ar for 2 hrs.
A horizontal line shows the hardness of the (100) Si substrate.
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at 300 ◦C in ambient air for 30 min had a complex chemical structure consisting of unhydrolyzed
ethoxyl groups, methyl groups, hydroxyl groups and partially degraded PVP.
4.2.3 Change of Chemical Composition During Heat Treatment
The analysis of the chemical composition from RBS/ERD data was accomplished by using the
SIMNRA software [143]. Figure 4.6 shows a schematic of a SIMNRA RBS spectrum representing
the Si, O, C and N related peaks. The probing ion is 3.83 MeV 4He+ with a scattering angle of 167◦
for RBS, and 2.85 MeV 4He+ with a scattering angle of 30◦ for ERD. In the RBS spectrum as shown
in Fig. 4.6, the Si, O and C associated peaks are easily distinguished but the N associated peak is
weak. This is due to the fact that the differential cross section of a He-N collision is significantly
lower than the others, and the low concentration of N in the film. As a consequence of the low
sensitivity of detecting N content, the analysis of N content is disregarded in this study. Details of
the differential cross sections of He-N, He-O, He-C, and He-Si collisions are generated from the Ion
Beam Analysis Nuclear Data Library (IBANDL) [144] and listed in Appendix B.
Figure 4.6: A schematic of a SIMNRA RBS spectrum showing the Si, O, C and N related
peaks.
The chemical composition of the films heat treated in vacuum are shown in Table 4.1. The
chemical composition of the green film is SiC3.4O2.4H8.8 from the theoretically analyzed formula
SiO(OC2H5)1.4(CH3)0.6 discussed above while the chemical composition was determined to be
SiC4.4O2.89H5.11 from RBS/ERD. Atomic ratios of C/Si, O/Si agree with the theoretical analy-
sis if considering the effects of incomplete hydrolysis and condensation which lead to an increase of
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ethoxyl (-OC2H5) content. A considerable decrease in the measured H/Si is attributed to the partial
decomposition of PVP and other organic components which continues at higher temperature leading
to the formation of free carbon. With increasing heat treatment temperature, H content gradually
decreased consistent with the decomposition of the organic components observed from FT-IR. In the
process of analyzing the chemical composition using SIMNRA, the total number of the specific el-
emental atoms in the films was also calculated. Knowing the thickness measured by AFM, density
of the film can be calculated. Table 4.1 shows the calculated densities of the films heat treated in
vacuum at different temperatures. It was shown that the green film had a density of ∼1.0 g/cm3
while the density estimated from weight gain after coating was reported to be ∼1.3 g/cm3 [90]. The
difference is due to the inaccuracy of the weight gain measurement. As the film was deposited onto
the (100) Si wafer, the sol also went to the backside of the Si wafer such that the weight gain and
thus film density were overestimated. From Table 4.1 it was seen that the density of the films heat
treated below 800 ◦C was relatively constant. At 800 ◦C, the density of the film increased by ∼50%
in accordance with the decomposition of the organic components and the abrupt increase in the
measured hardness and reduced elastic modulus.
Table 4.1: Chemical compositions and densities of the acid catalyzed films heat treated
in vacuum at 300 - 800 ◦C
Temperature (◦C) Si H C N O density (g/cm3)
300.00 1.00 5.11 4.44 0.44 2.89 1.04
400.00 1.00 2.90 2.67 0.39 2.13 1.07
600.00 1.00 1.61 1.30 0.18 1.46 1.07
800.00 1.00 1.62 1.40 0.18 1.86 1.51
4.2.4 Microstructure of Heat Treated Films
The hardness depth profiles as shown in Fig. 4.7 for the 3 µm thick acid catalyzed films heat
treated at 300 ◦C, 700 ◦C and 800 ◦C show a decrease with increasing contact depth which might
indicate a change in microstructure along the depth. XRD was used to study the microstructure
after heat treatment. The depth dependent microstructure can not be quantified with a standard
geometry. In the standard geometry the absorption length for X-rays is around 10 µm so that an
XRD pattern contains information on the entire thickness of the sol-gel films. As a consequence, the
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depth profiles can not be determined with standard geometry configuration [145]. Depth resolved
XRD experiments with depth resolution of about 50 nm were performed at Los Alamos National
Laboratory. The specimen and the source positions were held fixed while the detector performed 10◦
- 90◦ scanning. The investigated depth can be adjusted by rotating the specimen at a small angle,
which leads to an increase of about 50 - 75 nm in depth with each degree rotation. For simplicity, 1◦
rotation of the specimen was considered to be corresponding to a change of about 60 nm in depth
(by taking the average). Depth resolved XRD was performed on the 3 µm thick acid catalyzed thick
films which had thicknesses of 1713 nm, 727 nm and 706 nm after heat treatment at 300 ◦C, 700 ◦C
and 800 ◦C, respectively. The depth resolved XRD patterns are shown in Figs. 4.8, 4.9 and 4.10,
in which XRD data were collected at different depths by rotating the specimen 1◦, 2◦, 3◦, 4◦ and
5◦. With the standard geometry XRD patterns with 1 hour scanning only showed a peak at 69.9◦
which was attributed to the Si substrate for all three specimens. For the specimen heat treated at
300 ◦C, completely amorphous phases were observed at all the investigated depths. As depth was
increased, two small amorphous peaks appeared at 20◦ - 30◦ and at 50◦ - 60◦. For the specimens
heat treated at 700 and 800 ◦C, different levels of crystalline phases between 50◦ - 60◦ were observed
as investigated depth increases. A sharp peak was observed between 56◦ - 58◦ when the specimen
was fixed at 3◦ representing an approximate depth of 180 nm. An amorphous peak between 80◦ -
90◦ began to grow as depth increased. The observed peaks at different depths might be an indication
of a change in microstructure along the depth resulting from heat treatment. However at this point,
it was not possible to obtain reliable information about the crystalline phases due to the lack of
enough crystalline peaks. As seen in Fig. 4.7, there was a significant decrease in hardness measured
at a contact depth of about 150 nm while the sharp peak was observed from the glancing angle
XRD collected at a depth of about 180 nm. The decrease in hardness with increasing contact depth
can not be attributed to the substrate effect, as the (100) Si substrate had a much higher hardness
(∼11 GPa) than these investigated films. There might be a correlation between the development of
crystalline phases at this depth and the measured low hardness at the same depth.
XRD experiments performed at glancing angle at OSU [146] on the films heat treated at 1100
and 1350 ◦C in Ar showed that heat treatment at 1350 ◦C led to the formation of crystalline silica
(cristobalite), and at 1100 ◦C resulted in an amorphous structure of silica. However, there was
no crystalline SiC phase detected from either film which is inconsistent with the observation that
crystalline SiC was formed above 1200 ◦C as a result of phase separation [43,47–56]. This indicates
the free carbon has been oxidized before phase separation despite the Ar flow. The speculation of
carbon oxidation also supports that there were no carbon related peaks in the XRD pattern.
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Figure 4.7: Hardness of the acid catalyzed thick films heat treated at 300 ◦C, 700 ◦C
and 800 ◦C obtained by nanoindentation.


















Figure 4.8: Depth resolved XRD patterns collected at different depths by rotating spec-
imen 1◦, 2◦, 3◦, 4◦ and 5◦, corresponding to depths of approximately 60, 120, 180, 240,
and 300 nm, for the film heat treated at 300 ◦C. The intensity is plotted on an absolute
scale.
49




















Figure 4.9: Depth resolved XRD patterns collected at different depths by rotating spec-
imen 1◦, 2◦, 3◦, 4◦ and 5◦, corresponding to depths of approximately 60, 120, 180, 240,
and 300 nm, for the film heat treated at 700 ◦C. The intensity is plotted on a logarithmic
scale.


















Figure 4.10: Depth resolved XRD patterns collected at different depths by rotating
specimen 1◦, 2◦, 3◦, 4◦ and 5◦, corresponding to depths of approximately 60, 120, 180,
240, and 300 nm, for the film heat treated at 800 ◦C. The intensity is plotted on a
logarithmic scale.
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4.3 The Effects of Ion Irradiation on the Acid Catalyzed Sol-
gel Films
Ion irradiation was carried out at room temperature using 200 keV H+, 400 keV N2+, 1 MeV Cu+,
4 MeV Cu2+ and 9 MeV Cu3+ with fluences from 1 × 1013 to 2 × 1017 ions/cm2. The film thicknesses
of the green films before ion irradiation were measured to be ∼1 µm. The detailed conditions of
the ion irradiations are presented in Table 3.3. The beam current was adjusted to be less than
0.5 µA/cm2 for all irradiations in order to avoid thermal effects.
As an energetic ion traverses a solid, it undergoes a series of collisions with the stationary target
atoms in which nuclear collisions (elastic collisions) deflect the ion from its initial trajectory, and
electronic collisions (inelastic collisions) lead to electron excitation and ionization. As a result of
nuclear and electronic collisions, the incident ions lose energy and eventually come to rest. However,
the importance of the two energy loss mechanisms varies with the energy (E) and atomic number
(Z) of the incident ion. In general, electronic stopping dominates for high E and low Z, while nuclear
stopping takes over for low E and high Z. The energy loss rate per distance traveled (dEdx ) can
be expressed as the summation of the nuclear stopping power (dEdx
∣∣
n




). It is noted here that all discussion of the electronic and nuclear stopping powers
below is limited to the energy transfer during the collisions between the incident ions and the target
atoms and electrons. From the point of view of the whole system, a target atom which obtains a
sufficiently high energy from the collision with the incident ion is able to make further interactions
with other target atoms and electrons until it comes to rest in the solid. The target atoms during the
collisions are called recoiled target atoms or recoils, which also contribute to the electron excitation
and ionization.
Simulation of the electronic and nuclear collisions between the energetic incident ion and the
film/substrate system is accomplished using SRIM [91]. The target in the simulation is considered
to be a 1 µm thick film on a 250 µm thick silicon substrate with an estimated density of 1.0 and
2.3 g/cm3, respectively. Ions were selected such that there is a broad distribution of electronic and
nuclear stopping powers and the projected range is larger than the film thickness in order to fully
irradiate the investigated films. Figures 4.11 - 4.15 show simulated depth distributions of electronic
and nuclear stopping powers of 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV
Cu3+ in the investigated thin film/substrate system. A simple approximation of the electronic and
nuclear stopping is reported as follows. There are two regimes of the electronic stopping, high-energy
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electronic energy loss regime and low-energy electronic energy loss regime, which are determined by









where Z is the atomic number of the incident ion, v is the incident ion velocity, and v0 is the
Bohr velocity. In the high-energy electronic energy loss regime, where the ion velocity is greater
than v0Z
2/3
1 , the incident ion is a bare nucleus and its interactions with target electrons can be
accurately described by a pure Coulomb interaction potential. Considering an incident ion with
atomic number Z1, mass M1, and velocity v passing through a solid with atomic number Z2 and














where N is the atomic density of the solid, e is the charge of an electron and me is the mass of
an electron. In the current study, 200 keV H+ is fully stripped of electrons and is a bare nucleus
based on the effective charge defined in Eq. 4.2. The electronic stopping of 200 keV H+, as shown in
Fig. 4.11, exhibits a slight increase with increasing depth in the film consistent with the electronic




2). At the film-substrate interface, the electronic
stopping power increases dramatically as a result of Z2 changing from the atomic number of the film
(5.2 on average) to that of the substrate (14). In the low-energy electronic energy loss regime, where
the incident ion moves with velocity v < v0Z
2/3
1 , the electronic stopping is described in Eq. 4.4 from




















where a0 is the Bohr radius. The electronic stopping power of all ions except 200 keV H
+ could be
described by the Firsov and Lindhard-Scharff models in which the electronic stopping is proportional
to the incident ion velocity. As the incident ion passes through the solid, the stopping power decrease
with depth as a result of energy loss. At the film-substrate interface, the electronic stopping power
increases dramatically due to the difference in Z2 values of the film and the substrate. The numerical













where the nuclear stopping cross section in reduced notation Sn(ϵ) is given by
Sn(ϵ) =
0.5ln(1 + 1.1383ϵ)
ϵ+ 0.01321ϵ0.21226 + 0.19593ϵ0.5
(4.6)
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The nuclear stopping power of all the ions increase with depth until a maximum, then quickly
decrease. The averaged electronic and nuclear stopping powers summarized in Table 4.2 are calcu-
lated by taking the average of the electronic and nuclear stopping powers over the film thickness.
The projected range of each investigated ion is also shown. For 200 keV H+ and 400 keV N2+,
the electronic stopping power is dominant. The electronic stopping power of 1 MeV Cu+ is about
10 eV/Å-ion higher than that of 400 keV N2+ while the nuclear stopping is about 30 eV/Å-ion higher.
With increasing energy of the Cu ions, the nuclear stopping power decreases but the electronic and
total stopping power (electronic + nuclear stopping) increases, representing an energy loss process






































Figure 4.11: Depth distribution of the electronic stopping and nuclear stopping of 200 keV
H+ in the investigated thin film/substrate system.
4.3.1 Effects of Ion Fluence on Film Shrinkage and Mechanical Properties
The film shrinkage from ion irradiation was measured as a function of fluence for the different
ions used in this study. Figure 4.16 shows the film shrinkage of the acid catalyzed films after
irradiations with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at fluences
of 1 × 1013 to 2 × 1017 ions/cm2. For each ion species, film shrinkage increased with increasing




































Figure 4.12: Depth distribution of the electronic stopping and nuclear stopping of 400 keV



































Figure 4.13: Depth distribution of the electronic stopping and nuclear stopping of 1 MeV



















Figure 4.14: Depth distribution of the electronic stopping and nuclear stopping of 4 MeV






































Figure 4.15: Depth distribution of the electronic stopping and nuclear stopping of 9 MeV
Cu3+ in the investigated thin film/substrate system.
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Table 4.2: Average electronic and nuclear stopping powers, and the projected ranges of
200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ in the acid
catalyzed sol-gel films.
200 keV H+ 400 keV N2+ 1 MeV Cu1+ 4 MeV Cu2+ 9 MeV Cu3+
Electronic Stopping
6.2 25.5 35.3 90.5 234.0
(eV/Å-ion)
Nuclear Stopping
0 2.0 30.8 10.5 8.9
(eV/Å-ion)
Electronic + Nuclear
6.2 27.5 66.1 101.0 242.9
(eV/Å-ion)
Projected Range (µm) 2.20 1.28 1.30 3.06 4.70
1 × 1013 ions/cm2 resulted in a negligible change in the film thickness regardless of the ion species
and the electronic and nuclear stopping powers. At fluences of 1014 ions/cm2 or above, the shrinkage
was observed to increase with the increasing stopping power (in the order of 200 keV H+, 400 keV
N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+). A maximum of ∼80% shrinkage was obtained
with 9 MeV Cu3+ at fluences of 1 × 1015 and 1 × 1016 ions/cm2, and with 4 MeV Cu2+ at a
fluence of 1 × 1016 ions/cm2. This suggests the conversion from the polymer to a ceramic state
is complete and any further increase in fluence would have no further effect on the film shrinkage.
For the other ions, it is unclear if a maximum shrinkage was achieved with the highest fluence used.
A further increase in the fluence may result in additional film shrinkage. As a comparison, the film
heat treated at 800 ◦C in vacuum had a shrinkage of 48%.
In addition, the film shrinkage was compared with similar films which were synthesized with
the same starting materials and irradiated with 125 keV H+ and 250 keV N2+ [17]. The nominal
thickness of the green films used in the previous study was 600 nm. The electronic and nuclear
stopping powers were reported to be 6.4 and 0 eV/Å-ion for 125 keV H+, and 24.9 and 1.9 eV/Å-
ion for 250 keV N2+ [17]. Figure 4.17 shows film shrinkage of the 1 µm thick acid catalyzed films
irradiated with 200 keV H+ and 400 keV N2+, and the 600 nm thick acid catalyzed films irradiated
with 125 keV H+ and 250 keV N2+ as a function of fluence. Despite the energy difference, there was
no difference in the stopping powers of the same ion species. There was also no distinct difference
observed in the film shrinkage for the 600 nm thick and 1 µm thick films irradiated with the same
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ions at the same fluence regardless of the energy difference.
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Figure 4.16: Film shrinkage of the acid catalyzed films irradiated with 200 keV H+,
400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of fluence.
Characterization of the mechanical properties of such thin films converted by ion irradiation is
difficult as the measured hardness and reduced elastic modulus can be significantly affected by the
Si substrate. Figure 4.18 shows the hardness and reduced elastic modulus of the acid catalyzed
films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at
fluences of 1 × 1013 to 2 × 1017 ions/cm2 as a function of contact depth. Also shown are the
measured properties of the green film and the (100) Si substrate. It can be seen that as the film
thickness decreases the reduced elastic modulus significantly increases with increasing contact depth
which indicates a strong substrate effect. The effect of the substrate on the measured hardness
at the same contact depth may not be as pronounced as for the reduced elastic modulus which
shows a significant effect as a result of the elastic field under the indenter not being confined to the
film itself but extending into the substrate [125]. In order to validate the 10% rule on the elastic
modulus measurements, the Doerner and Nix’s model [121] detailed in Chapter 3 was employed to
extract the elastic modulus. Since the Poisson’s ratio of the thin film is unknown, a modified elastic
modulus (M) defined as
Ef
1−ν2f
was obtained by fitting the experimental data using the discussed
model, where Ef and ν are the elastic modulus and Poisson’s ratio of the thin film. The properties
of the (100) Si substrate used in this approach were 0.32 for Poissons ratio and an elastic modulus
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Figure 4.17: Film shrinkage of 1 µm thick acid catalyzed films irradiated with 200 keV H+
and 400 keV N2+, and 600 nm thick acid catalyzed films irradiated with 125 keV H+
and 250 keV N2+ as a function of fluence.
is converted to the reduced elastic modulus through Eq. 3.3. Figure 4.19 shows a direct comparison
of the reduced elastic modulus measured at a contact depth/thickness ratio of 10% and the reduced
elastic modulus obtained from the model for all the ion irradiated films. The maximum error
observed is ∼10% therefore it is reasonable to evaluate the reduced elastic modulus with the 10%
rule. For the evaluation of indentation hardness, the 10% rule is still the most commonly used
methodology in determining the hardness of the thin films.
The measured hardness and reduced elastic modulus of the acid catalyzed films irradiated with
200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of fluence
are shown in Fig. 4.20. The dashed line indicates the mechanical properties of fused silica having a
nanoindentation hardness of 9.2 GPa and reduced elastic modulus of 69.6 GPa. Ion irradiation at
a fluence of 1 × 1013 ions/cm2 had a negligible effect on the increase of the measured hardness and
reduced elastic modulus regardless of the ion species and electronic and nuclear stopping powers.
After irradiation with a fluence of 1 × 1014 ions/cm2, there was a slight increase in the hardness and
reduced elastic modulus over that of the green film. At this fluence, hardness and reduced elastic
modulus both increased with increasing total stopping power, which became more pronounced at
higher fluence. For each specific ion, the hardness and reduced elastic modulus increased with the
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Unirradiated 200 keV H+ Si 400 keV N2+
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Figure 4.18: Hardness and reduced elastic modulus of the acid catalyzed films irradiated
with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at fluences
of 1 × 1013 to 2 × 1017 ions/cm2 as a function of contact depth. Also shown are the
properties of the green film and the (100) Si substrate.
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 Doerner and Nix Model
(e) 9 MeV Cu3+
Figure 4.19: Direct comparison of the reduced elastic modulus of the acid catalyzed films
irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+
obtained from the 10% rule and the Doerner and Nix’s Model.
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increasing fluence, except for the film irradiated with 9 MeV Cu3+, which reached a maximum
hardness of ∼12 GPa and reduced elastic modulus of ∼142 GPa at a fluence of 1 × 1015 ions/cm2,
and remained constant with further increase in fluence. This agreed with the results for the shrinkage.
Films irradiated at a fluence above 1 × 1014 ions/cm2 showed increases in hardness and reduced
elastic modulus depending on the fluence and stopping power. Films irradiated with a fluence
above 1 × 1014 ions/cm2 (or 1 × 1015 ions/cm2 for H+) had a higher hardness and reduced elastic
modulus than the film heat treated at 800 ◦C in ambient air or in vacuum, which had a hardness
of 1.2 GPa and reduced elastic modulus of 19 GPa. The film heat treated in Ar had a comparable
reduced elastic modulus with fused silica while the film irradiated with 9 MeV Cu3+ at a fluence of
1 × 1015 ions/cm2 or above exhibited a two-fold increase over that for fused silica.
As mentioned previously, irradiations with H+, N2+ and Cu2+ were performed on 600 nm thick
films in the previous study [17]. There was a negligible difference in the measured hardness and
reduced elastic modulus resulting from H+ (or N2+) irradiation at the same fluence in the previous
and current study as shown in Fig. 4.21. However, this was not the case for Cu irradiation. The
measured hardness and reduced elastic modulus of the films irradiated with 1 MeV Cu+, 2 MeV
Cu2+, 4 MeV Cu2+ or 9 MeV Cu3+ as a function of fluence are shown in Fig. 4.22. Films irradiated
with 4 MeV Cu2+ or 9 MeV Cu3+ exhibited a higher hardness and reduced elastic modulus than those
irradiated with 1 MeV Cu+ or 2 MeV Cu2+ at the same fluence. Films irradiated with 2 MeV Cu2+
showed a slightly lower hardness and reduced elastic modulus than those irradiated with 1 MeV Cu+
when irradiated at low fluences (1 × 1015 ions/cm2 or lower), and comparable hardness and higher
reduced elastic modulus when irradiated at high fluences (above 3 × 1015 ions/cm2). The electronic
stopping of 2 MeV Cu2+ in the 600 nm thick films was calculated to be 61.2 eV/Å-ion (∼75% higher
than that of 1 MeV Cu+ in the present study) while the total stopping was 76.7 eV/Å-ion (only
∼15% higher than that of 1 MeV Cu+) [17]. It is expected that the film irradiated with 2 MeV Cu2+
would have similar or even a higher hardness and reduced elastic modulus as a result of slightly higher
total stopping power. The reason for lower hardness and reduced elastic modulus when irradiated
with 2 MeV Cu2+ at low fluence is unclear. The difference in the chemical composition and film
thickness of the green films can not be excluded.
Although the increase in hardness and reduced elastic modulus of the ion irradiated films was
accompanied by an increase of film shrinkage, the relationship between film shrinkage and the mea-
sured hardness and reduced elastic modulus is still unclear. Pivin’s group investigated the hardness
of several polysiloxanes after various ion irradiations and stated that the hardness was linearly de-
pendent on the film shrinkage [7,8]. However this conclusion is not consistent with the results of the
61






 9 MeV Cu3+ 
 4 MeV Cu2+
 1 MeV Cu+
 200 keV H+




















 9 MeV Cu3+ 
 4 MeV Cu2+
 1 MeV Cu+
 200 keV H+
















(b) Reduced elastic modulus
Figure 4.20: Plots of (a) hardness and (b) reduced elastic modulus of the acid catalyzed
films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV
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(b) Reduced elastic modulus
Figure 4.21: Plots of (a) hardness and (b) reduced elastic modulus of 1 µm thick acid
catalyzed films irradiated with 200 keV H+ and 400 keV N2+, and 600 nm thick acid
catalyzed films irradiated with 125 keV H+ and 250 keV N2+ as a function of fluence.
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(b) Reduced elastic modulus
Figure 4.22: Plots of (a) hardness and (b) reduced elastic modulus of 1 µm thick acid
catalyzed films irradiated with 1 MeV Cu+, 4 MeV Cu2+, or 9 MeV Cu3+, and 600 nm
thick acid catalyzed films irradiated with 2 MeV Cu2+ as a function of fluence.
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present study. Because of the lack of details regarding the preparation process and the treatment
of the green films in their experiments, it is not possible to explain this disagreement. A possible
explanation might include the difference in the degree of the hydrolysis and condensation, and the
nature of the chemical structure of the green films. Figure 4.23 shows the hardness and reduced
elastic modulus of the acid catalyzed films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+,
4 MeV Cu2+ and 9 MeV Cu3+ as a function of film shrinkage. Ion irradiation with a fluence of
1 × 1013 ions/cm2 resulted in no measurable change in the film shrinkage and mechanical proper-
ties as previously stated. At a fluence of 1 × 1014 ions/cm2, there was a wide distribution of film
shrinkage from 7% to 51% while there was a minor change in the mechanical properties. The film
irradiated with 9 MeV Cu3+ at a fluence of 1 × 1014 ions/cm2 had a film shrinkage of 51% and a
hardness of 1.2 GPa compared with 0.3 GPa for the green film. At higher fluences, the increase in
the mechanical properties was strongly associated with film shrinkage. For example, with increasing
fluence from 1 × 1014 to 1 × 1015 ions/cm2, irradiation with 9 MeV Cu3+ resulted in an increase in
film shrinkage from 51% to 77%, and an increase of ∼11 GPa in measured hardness and ∼123 GPa
in reduced elastic modulus. When irradiated at a fluence above 1 × 1014 ions/cm2, the measured
hardness and reduced elastic modulus was consistent with the stopping power of the incident ions
at the same fluence. In general the significance of ion irradiation on the increase of the mechanical
properties started at a fluence of 1 × 1014 ions/cm2.
4.3.2 Ion Irradiation Induced Changes of Chemical Composition
As discussed the increase in mechanical properties as a result of ion irradiation varies with ion species
and stopping power. Figure 4.24 shows hydrogen atomic concentration of the acid catalyzed films
irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function
of fluence. Also shown is the hydrogen atomic concentration of the films heat treated in vacuum as
a function of temperature. Hydrogen concentration was observed to decrease with increasing fluence
for each ion species while the H release rate per fluence increased with increasing the electronic
stopping power. The H concentration of the film irradiated with 9 MeV Cu3+, which resulted in
the highest H release rate, reached a minimum of ∼4% at a fluence of 1 × 1015 ions/cm2. Further
increase in the fluence led to a negligible change in the H concentration. The films irradiated with
other ions were considered to approach a similar final H concentration with different H release rates
determined by the stopping power. In addition to ion irradiation, vacuum heat treatment at 800 ◦C
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(b) Reduced elastic modulus
Figure 4.23: Plots of (a) hardness and (b) reduced elastic modulus of the acid catalyzed
films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV
Cu3+ as a function of film shrinkage.
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(a) Ion irradiated films





















(b) Vacuum heat treated films
Figure 4.24: Hydrogen concentration of the acid catalyzed films (a) irradiated with
200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of
fluence, and (b) heat treated in vacuum as a function of temperature.
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H2 release was reported in the literature as a result of the ion irradiation of polymers [148–150].
However, H2 may not be the only outgoing gas from ion irradiation, since other volatile species
are also possible. It was reported that the chemical nature of the gases from the ion irradiation
of polymers corresponded to the chemical nature of the side groups in the chain. No side group
led to mainly a release of H2, CH3-groups led to the release of CH4 and H2, and chains containing
heteroatoms in the side groups may also release gases like CO, CO2 [151]. Figure 4.25 shows atomic
ratios of the acid catalyzed films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV
Cu2+ and 9 MeV Cu3+ as a function of fluence, and the films heat treated in vacuum as a function
of temperature. It can be seen that not only the H/Si ratio, but also the C/Si and O/Si ratios
decreased with increasing fluence consistent with gas release corresponding to the chemical nature
of the side groups. Side groups of -O-C2H5 and -CH3 were present in our investigated green films.
To the best of our knowledge, the loss of O in silicon-based polymers under ion irradiation has
not been reported. A possible explanation might be the rich H2O content significantly reduced the
amount of -O-C2H5 through hydrolysis resulting in the elimination of -O-C2H5 in the green films.
The ratio of H/Si decreased faster with increasing fluence than C/Si and O/Si and approached a
lower final value. Figure 4.26 shows H/Si, C/Si and O/Si ratios as a function of fluence for different
ions used. The ratio of H/Si approached a constant of ∼0.14 with 4 MeV Cu2+ at a fluence of
1 × 1016 ions/cm2 and 9 MeV Cu3+ at a fluence of 1 × 1015 ions/cm2 or above, while the ratio
for the other ion irradiations showed a continuous decrease with increasing fluence towards the final
value. This indicates that the final H concentration may be solely dependent on the chemical nature
of the films. In contrast with the final H content, C/Si approached a constant of about ∼3.0 for
irradiations with 200 keV H+, 400 keV N2+ and 1 MeV Cu+, and of about ∼1.0 for irradiations
with 4 MeV Cu2+ and 9 MeV Cu3+. The ratio of O/Si remained relatively constant for irradiations
with 200 keV H+ and 400 keV N2+, and kept decreasing for Cu ions approaching a minimum of
∼0.7.
Chemical composition and calculated densities for the green film and all of the ion irradiated
films are shown in Table 4.3. A plot of density as a function of ion fluence for all used ions is shown
in Fig. 4.27. In general, the film density increased with increasing fluence for each ion species. The
films irradiated at a fluence of 1 × 1013 ions/cm2 had no change in density compared to the green
film which had a density of ∼1.0 g/cm3. The film irradiated with 200 keV H+ had a much slower
increase in density with increasing fluence when compared to the other ions. Films irradiated with
4 MeV Cu2+ and 9 MeV Cu3+ at the highest fluence had a density of 2.3 - 2.5 g/cm3.
Figure 4.28 shows the hardness and reduced elastic modulus of the acid catalyzed films irradiated
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(f) Vacuum Heat Treatment
Figure 4.25: Atomic ratios of the acid catalyzed films (a) irradiated with 200 keV H+,
(b) 400 keV N2+, (c) 1 MeV Cu+, (d) 4 MeV Cu2+ and (e) 9 MeV Cu3+ as a function
of fluence, and (f) heat treated in vacuum as a function of temperature.
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Figure 4.26: Atomic ratios of (a) H/Si, (b) C/Si and (c) O/Si of the acid catalyzed films
irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+
as a function of fluence.
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Table 4.3: Chemical composition and density of the acid catalyzed films irradiated with
200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ at varying
fluences.
Ion Fluence Si H C N O Density (g/cm3)
Unirradiated 0 1.00 5.11 4.44 0.44 2.89 1.04
9 MeV Cu3+ 1.0E+13 1.00 2.20 2.00 0.23 2.17 0.99
1.0E+14 1.00 1.15 1.14 0.16 1.57 1.51
1.0E+15 1.00 0.13 0.88 0.00 0.72 2.34
1.0E+16 1.00 0.12 0.78 0.00 0.80 2.29
4 MeV Cu2+ 1.0E+13 1.00 3.00 3.04 0.00 2.32 1.00
1.0E+14 1.00 1.22 1.30 0.00 2.00 1.22
1.0E+15 1.00 0.26 1.14 0.00 1.17 2.00
1.0E+16 1.00 0.14 1.14 0.00 1.17 2.47
1 MeV Cu+ 1.0E+13 1.00 4.42 3.85 0.38 2.50 1.11
1.0E+14 1.00 2.73 3.05 0.36 2.58 1.37
1.0E+15 1.00 1.76 3.05 0.40 2.20 1.85
1.0E+16 1.00 0.57 2.76 0.33 1.29 2.06
400 keV N2+ 1.0E+13 1.00 3.89 3.70 0.25 2.65 1.11
1.0E+14 1.00 2.94 3.49 0.24 1.84 1.06
1.0E+15 1.00 1.33 2.46 0.23 2.11 1.47
5.0E+15 1.00 1.29 3.09 0.25 2.53 2.09
200 keV H+ 1.0E+13 1.00 5.50 4.04 0.25 2.50 1.12
1.0E+14 1.00 4.59 3.87 0.29 2.50 1.21
1.0E+15 1.00 3.81 3.09 0.25 2.36 1.10
1.0E+16 1.00 2.54 3.09 0.25 2.72 1.31
1.0E+17 1.00 1.70 3.21 0.26 2.84 1.51
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Figure 4.27: Density of the acid catalyzed films irradiated with 200 keV H+, 400 keV
N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of fluence.
with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of film
density. Also shown are the films heat treated in vacuum. In general, the hardness and reduced
elastic modulus increased with increasing film density. This is because the film density indicates the
progress of the conversion of the polymer to a ceramic.
4.3.3 Effects of Stopping Power and Deposited Energy on the Mechanical
Properties and Hydrogen Concentration
It has been claimed and is generally accepted that the improvements in the surface mechanical prop-
erties of polymer are largely due to the formation of a three-dimensionally connected network formed
through cross-linking of polymer chains [152]. Cross-linking produces chemical bonds, increase the
interconnectivity, thus improving the hardness and reduced elastic modulus. Chain scission reduces
the mechanical properties. However, during ion irradiation both cross-linking and scission occur
simultaneously. Both electronic and nuclear stopping contribute to cross-linking, as well as chain
scission, thus affecting the resulting mechanical properties [153, 154]. Pivin stated that electronic
stopping is more efficient than nuclear stopping for increasing the mechanical properties, and the
latter does not have the detrimental effect at least for the studied polymers [71]. Some investiga-
tions have shown that hardness increased with increasing electronic stopping, but decreased with
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(b) Reduced elastic modulus
Figure 4.28: Plots of (a) hardness and (b) reduced elastic modulus of the acid catalyzed
films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV
Cu3+ as a function of film density. Also shown are the films heat treated in vacuum.
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The resulting hardness and reduced elastic modulus of the ion irradiated films as a function
of electronic stopping and total stopping are shown in Figs. 4.29 - 4.32 for different irradiation
fluences. Hardness and reduced elastic modulus were observed to increase with increasing electronic
and total stopping for a given fluence, except for the film irradiated with 9 MeV Cu3+ at a fluence
of 1 × 1013 ions/cm2 and the film irradiated with 4 MeV Cu2+ at a fluence of 1 × 1014 ions/cm2.
The electronic stopping powers of 1 MeV Cu+ and 400 keV N2+ are 35.3 and 25.5 eV/Å-ion,
respectively, as shown in Table 4.2. The nuclear stopping power of 1 MeV Cu+ is 30.8 eV/Å-ion,
comparable with its electronic stopping, while the nuclear stopping of 400 keV N2+ is negligible.
The film irradiated with 1 MeV Cu+ exhibited a higher hardness and reduced elastic modulus
than the film irradiated with 400 keV N2+ at the same fluence. For example, at a fluence of
1 × 1013 ions/cm2, the film irradiated with 1 MeV Cu+ had a hardness of 0.5 GPa and reduced
elastic modulus of 7.0 GPa, while the film irradiated with 400 keV N2+ had a hardness of 0.3 GPa
and reduced elastic modulus of 6.4 GPa. At a fluence of 1 × 1014 ions/cm2, the film irradiated with
1 MeV Cu+ had a hardness of 1.0 GPa and reduced elastic modulus of 15.5 GPa, while the film
irradiated with 400 keV N2+ had a hardness of 0.9 GPa and reduced elastic modulus of 13.0 GPa.
The difference in the hardness and reduced elastic modulus became greater at higher fluences. At a
fluence of 1 × 1015 ions/cm2, the film irradiated with 1 MeV Cu+ had a hardness of 6.2 GPa and
reduced elastic modulus of 69.1 GPa, which are approximately twice the values for the film irradiated
with 400 keV N2+. This suggests that both electronic stopping and nuclear stopping contribute to
the improvements of the mechanical properties.
Figure 4.33 shows the hardness and reduced elastic modulus of the acid catalyzed films irradiated
with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of total
energy deposited per thickness (defined as the product of total stopping power and fluence) on a
logarithmic plot. For each ion species, with increasing total deposited energy per thickness, the
hardness and reduced elastic modulus increased as a result of the conversion of the polymer to
a ceramic through the decomposition of the organic components, increased interconnectivity and
reduced porosity. However for different ions with the same deposited energy per thickness, the
films exhibited different mechanical properties. The hardness and elastic modulus of the films
irradiated with 200 keV H+ showed a linear relationship with energy loss on the logarithmic plot.
With increasing total stopping power, this linear relationship no longer held as shown in Fig. 4.33.
Figure 4.34 shows the H atomic concentration as a function of total energy deposited per thickness
on a semi-logarithmic plot. There is no simple relationship between the H atomic concentration and
the total deposited energy per thickness.
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Figure 4.29: Hardness and reduced elastic modulus of the acid catalyzed films irradiated
at a fluence of 1 × 1013 ions/cm2 as a function of (a) electronic stopping and (b) total
stopping.
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Figure 4.30: Hardness and reduced elastic modulus of the acid catalyzed films irradiated
at a fluence of 1 × 1014 ions/cm2 as a function of (a) electronic stopping and (b) total
stopping.
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Figure 4.31: Hardness and reduced elastic modulus of the acid catalyzed films irradiated
at a fluence of 1 × 1015 ions/cm2 as a function of (a) electronic stopping and (b) total
stopping.
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Figure 4.32: Hardness and reduced elastic modulus of the acid catalyzed films irradiated
at a fluence of 1 × 1016 ions/cm2 as a function of (a) electronic stopping and (b) total
stopping.
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(b) Reduced elastic modulus
Figure 4.33: Plots of (a) hardness and (b) reduced elastic modulus of the acid catalyzed
films irradiated with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV
Cu3+ as a function of total energy deposited per thickness.
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Figure 4.34: Hydrogen concentration of the acid catalyzed films irradiated with 200 keV
H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ as a function of total
energy deposited per thickness.
4.3.4 Proposed Model to Evaluate the Elastic Modulus of the Fully Con-
verted Films
Based on the understanding of the silicon oxycarbide material produced through pyrolysis, it is
proposed that the films fully converted by ion irradiation have a similar structure as the silicon
oxycarbide materials heat treated in Ar flow at 1000 - 1200 ◦C. The fully converted films are
simply defined as the films having a H/Si ratio of <1 after ion irradiation in this study. A simple
method that has been used in analyzing the elastic properties of various polymer-derived amorphous
ceramics is to consider the amorphous material as being formed by the most favorable constituents
thermodynamically [67]. The chemical structure of silicon oxycarbide can be written as xSiC +
(1 − x)SiO2 + yC in C-rich oxycarbide or xSiC + (1 − x)SiO2 + zSi in Si-rich oxycarbide [43, 44],
of which the first two terms represent a stoichiometric silicon oxycarbide while the last term stands
for the secondary phase: free carbon or silicon . Therefore the amorphous material can be treated
as a mixture of amorphous SiC, amorphous silica and excess free C (or free Si).
Based on the simple rule of mixtures (Voigt and Reuss model [157]), the elastic modulus of a









where ESiC , Ea−SiO2 and EC denotes the elastic modulus of amorphous SiC, amorphous silica, and
free carbon, respectively, v1, v2 and v3 are the corresponding volume fractions, and α is a constant
between -1 and +1. When α = 1, it leads to an upper bound known as the Voigt average, and when
α = -1 it results in a lower bound known as the Reuss average. Therefore a commonly used approach
is to take the average of the upper and lower bound, known as the Voigt-Reuss-Hill average. The
elastic modulus of SiC ceramic is taken as ∼300 GPa [158–160] and its density as 3.21 g/cm3. Fused
silica has an elastic modulus of 72 GPa and a density of 2.20 g/cm3. The density of the carbon
clusters is considered to be close to the theoretical density of graphite, 2.26 g/cm3. The excess free
carbon existing in the films is assumed to be graphitic carbon which has negligible contribution to
the system modulus. A typical procedure to calculate the reduced elastic modulus based on this
model is reported here. The film irradiated with 9 MeV Cu3+ at a fluence of 1 × 1015 ions/cm2 has a
chemical composition SiC0.88O0.72, corresponding to the thermodynamic composition of 0.64SiC +
0.36SiO2 + 0.24C. The volume fraction of each constituent (v1 = 0.42, v2 = 0.51 and v3 = 0.07) was
determined from the chemical composition and the density of each constituent. Finally, the upper
and lower bound moduli are calculated (EV oigt = 163.1 GPa, EReuss = 117.4 GPa), thus the average
is 140.2 GPa. In order to compare with our experimental results, the calculated elastic modulus is
converted to the reduced elastic modulus through Eq. 3.3 with Poisson’s ratio being assumed to be
0.17 (which is that of fused silica).
Only the irradiated films with much of the H released can be analyzed with this model, as it is
based upon the assumption that the only elements in the material system are Si, C and O. Table 4.4
shows the calculated reduced elastic modulus using the Voigt and Reuss model, the measured reduced
elastic modulus evaluated at a contact depth/thickness of 10%, and the reduced elastic modulus from
the Doerner & Nix’s model, for some selected ion irradiated films. The chemical composition was
obtained through the analysis of the RBS data. The calculated reduced elastic modulus was within
a 15% error of the measured reduced elastic modulus, which indicates the validation of applying this
model to estimate the reduced elastic modulus from the chemical composition.
The mechanical properties of the silicon oxycarbide obtained with heat treatment through dif-
ferent starting materials were increased with x, a measure of Si-C bond concentration in the silicon
oxycarbide network [43,44]. The excess free carbon had negligible contribution to the system mod-
ulus. Silicon oxycarbide synthesized with RF sputtering had a reduced elastic modulus from 68.1 to
242.9 GPa depending on the deposition rate of silicon carbide to that of silicon dioxide [161]. This
is in agreement with literature that carbide is a much stiffer material than the relative soft oxide.
The reduced elastic modulus of the fully converted films after ion irradiation also increased with
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Table 4.4: Calculated and measured reduced elastic modulus of selected ion irradiated
films.
Ion Irradiation Chemical SiC SiO2 C Calculated Measured Doerner & Nix’s Model
Conditions Composition x 1-x y (GPa) (GPa) (GPa)
9 MeV Cu3+ 1E15 SiC0.88O0.72 0.64 0.36 0.24 128.3 142.9 132.0
9 MeV Cu3+ 1E16 SiC0.78O0.80 0.60 0.40 0.18 122.6 144.5 133.2
4 MeV Cu2+ 1E16 SiC1.14O1.17 0.41 0.59 0.72 100.0 117.2 115.6
1 MeV Cu+ 1E16 SiC2.76O1.29 0.35 0.65 2.41 98.2 91.3 85.3
increasing Si-C bond concentration, consistent with that of the silicon oxycarbide produced by heat
treatment in Ar flow or RF sputtering. Unlike the pyrolyzed silicon oxycarbide in which the concen-
tration of Si-C bond can only be tailored by varying the precursors in the sol-gel process [44,67], the
Si-C bond concentration in silicon oxycarbide obtained from ion irradiation could be easily adjusted
by varying the stopping power and ion species.
4.3.5 A Plausible Structural Evolution During Ion Irradiation
The incorporation of a high carbon content into fused silica is difficult. Most silicon oxycarbide
glass reported in the literature were synthesized by the sol-gel process. The chemical composition
of pyrolyzed silicon oxycarbide can be tailored by varying the precursors in the sol-gel process. The
stoichiometric silicon oxycarbide, consisting solely of Si-O and Si-C bonds, is formed by a random
array of SiCzO4−z tetrahedra (0 ≤ z ≤ 4) [44,162,163]. Carbon is bonded to four silicon atoms form-
ing tetracoordinated CSi4 units. Compared to fused silica, the presence of tetrahedrally coordinated
CSi4 units leads to a stiffer and constrained network with improved mechanical properties such as
elastic modulus, hardness as well as density, viscosity and glass transition temperature [44–46, 52].
The improvements of many silicon oxycarbide properties depend on the amount of carbon directly
bonded to silicon in the silicon oxycarbide network [164]. The excess free carbon acting as a secondary
phase can be detrimental for the high-temperature stability of silicon oxycarbide in oxidizing [164].
Possible Schemes of Forming Tetrahedrally Coordinated CSi4 Units
For pyrolyzed silicon oxycarbide, tetracoordinated CSi4 units were formed gradually through suc-
cessive bond cleavages, combinations and rearrangements [45]. The chemical structure of the ion
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irradiated films is more complex and the mechanism of forming CSi4 units is different. Figure 4.35
shows possible schemes of forming CSi4 units through the destruction of Si-O-C2H5 and Si-CH3.
Cleavage of C-H bonds in Si-CH3 could lead to the formation of C-C, thus forming free carbon and
releasing H2. The CSi4 units could be formed between Si-C- dangling bonds and Si-O-Si- dangling
bonds, of which the former could be produced by cleavage of C-H bonds in Si-CH3, and the latter
could be formed by cleavage of Si-C bonds in Si-CH3 or Si-O bonds in Si-O-C2H5. Scheme (a)
represents a construction of CSi4 units by cleavage of three C-H bonds in Si-CH3 and three Si-O
bonds in Si-O-C2H5, and scheme (b) shows cleavage of three C-H bonds and three Si-C bonds in
Si-CH3. Scheme (a) introduces a decrease in O concentration while scheme (b) does not. The ratio
of -O-C2H5 to Si is 1.4 while the ratio of -CH3 to Si is 0.6 according to the theoretical formula.
Simply from the view of the localized density, scheme (a) is more likely if the energy difference in
cleaving C-H bonds in Si-CH3 and Si-O bonds in Si-O-C2H5 was not considered.
The atomic ratio O/Si of the fully converted films, which can be found in Table 4.3, is 0.8, 1.2,
1.3, 2.5 and 2.8 for the films irradiated at the highest fluence used with 9 MeV Cu3+, 4 MeV Cu2+,
1 MeV Cu+, 400 keV N2+, and 200 keV H+, respectively. Oxygen release might be related with both
Si-O-Si network and Si-O-C2H5, in which the latter is assumed to be more favorable. The amount
of O released is consistent with the total stopping power of the ions used in the irradiation. This
suggests that cleavage of Si-O in Si-O-C2H5 is highly dependent on the total stopping power of the
incident ions. Irradiation with 400 keV N2+ or 200 keV H+ has negligible effects on decomposing the
Si-O-C2H5 thus the O/Si in the final product is still comparable to the green films, while irradiation
with 9 MeV Cu3+ results in a complete destruction of the Si-O-C2H5 structure leading to the
O/Si ratio being close to one. Therefore, it is possible to tailor the O/Si in the resulting silicon
oxycarbide, and thus the concentration of carbon directly bonded to silicon. This in turn can tailor
the mechanical properties of the film.
4.3.6 Microstructure of the Ion Irradiated Films
The microstructure of the films irradiated with 200 keV H+ and 400 keV N2+ at various fluences
was also studied by depth resolved XRD. Figures 4.36 and 4.37 shows depth resolved XRD patterns
collected at glancing angles of 2◦, 4◦, 6◦, 8◦ and 10◦ from the acid catalyzed films irradiated with
200 keV H+ and 400 keV N2+ at a fluence of 1 × 1013 to 5 × 1015 ions/cm2. Each increase
(2◦ rotation) in the glancing angle was considered to be corresponding to a change of about 60 nm
in depth on average. Some crystalline peaks were observed around 44◦ and 50 - 60◦. The peaks
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(a) Scheme (a) (b) Scheme (b)
Figure 4.35: Possible schemes for formation of CSi4 units through destruction of (a) Si-O
in Si-O-C2H5 and C-H in Si-CH3, and (b) Si-C in Si-CH3 and C-H in Si-CH3.
located between 50 - 60◦ were similar to those from the acid catalyzed films heat treated at 700 or
800 ◦C and were the most intense when collected at a depth of about 240 nm. When the data was
collected at a deeper or shallower depth, the intensity of these peaks decreased. For each ion species,
the intensity of these peaks increased with increasing fluence. The peaks around 44◦ were observed
on films irradiated with 400 keV N2+ at all fluences but only on films irradiated with 200 keV H+ at
a fluence of 1 × 1015 ions/cm2. These peaks increased in intensity with increasing collecting depth.
With limited number of peaks, the possible crystalline phase can not be determined. It suggests the
majority of the films after ion irradiation are still amorphous.
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(a) 200 keV H+, 1 × 1013 ions/cm2































(b) 200 keV H+, 1 × 1014 ions/cm2































(c) 200 keV H+, 1 × 1015 ions/cm2
Figure 4.36: Depth resolved XRD patterns collected at glancing angles of 2◦, 4◦, 6◦,
8◦ and 10◦ from the acid catalyzed films irradiated with 200 keV H+ at a fluence of
(a) 1 × 1013 ions/cm2, (b) 1 × 1014 ions/cm2, and (c) 1 × 1015 ions/cm2.
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(a) 400 keV N2+, 1 × 1014 ions/cm2





























(b) 400 keV N2+, 1 × 1015 ions/cm2































(c) 400 keV N2+, 1 × 1015 ions/cm2































(d) 400 keV N2+ 5 × 1015 ions/cm2
Figure 4.37: Depth resolved XRD patterns collected at glancing angles of 2◦, 4◦, 6◦,
8◦ and 10◦ from the acid catalyzed films irradiated with 400 keV N2+ at a fluence
of (a) 1 × 1014 ions/cm2, (b) 1 × 1015 ions/cm2 with beam current of 50 nA, (c)
1 × 1015 ions/cm2 with beam current of 200 nA, and (d) 1 × 1015 ions/cm2.
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4.4 Investigation of the Base Catalyzed Films
Initially heat treatment and ion irradiation were performed on the base catalyzed films. However,
after preliminary investigation and comparing with previous study on the acid catalyzed films, the
acid catalyzed films were found to be more favorable in studying the effects of heat treatment and ion
irradiation and have been our main focus. This section presents experimental results and findings
of the base catalyzed films as a result of heat treatment and ion irradiation.
4.4.1 Effects of Heat Treatment
The green films of the base catalyzed sol-gel system were synthesized by heat treatment in ambient
air for 30 min and had a nominal thickness of 1 µm. Heat treatment was performed in ambient
air at temperatures from 300 to 800 ◦C at the IWT in Germany. The resulting changes in the
film thickness and shrinkage after heat treatment are shown in Fig. 4.38. Also shown are the film
thickness and shrinkage of the acid catalyzed films having the same nominal thickness of 1 µm.
Both the acid and base catalyzed films exhibited the same trend that film thickness decreased and
shrinkage increased with increasing heat treatment temperature. The acid and base catalyzed films
had an initial difference in thickness of about 200 nm before heat treatment, and about the same
difference after heat treatment at the same temperature.
The effect of heat treatment on the hardness and reduced elastic modulus was investigated using
nanoindentation. Figure 4.39 shows the hardness and reduced elastic modulus of both the acid and
base catalyzed films after heat treatment in ambient air. Heat treatment was found to increase
the hardness and reduced elastic modulus for both types of films. The base catalyzed films showed
a higher hardness and reduced elastic modulus than the acid catalyzed films heat treated at the
same temperature. Additionally the base catalyzed films exhibited a higher increase in hardness
and reduced elastic modulus with increasing temperature below 600 ◦C, but a relatively constant
hardness and reduced elastic modulus when heat treated at temperatures above 600 ◦C. Unlike the
base catalyzed films, the acid catalyzed films showed a monotonic increase in hardness. The base
catalyzed films exhibited a maximum hardness of 3.2 GPa when heat treated at 600 ◦C while the
acid catalyzed films had a maximum of 1.3 GPa at 800 ◦C. Regarding the reduced elastic modulus,
the base catalyzed films heat treated at 600 ◦C exhibited a maximum of 71.6 GPa (a little higher
than that of fused silica, 69.6 GPa) while the acid catalyzed films had a maximum of 19.5 GPa when
heat treated at 800 ◦C. Figure 4.40 shows the measured hardness as a function of film shrinkage for
both the acid and base catalyzed films after heat treatment. When compared at the same shrinkage,
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 1 m thick acid catalyzed films
 1 m thick base catalyzed films
(a) Film thickness














 1 m thick acid catalyzed films
 1 m thick base catalyzed films
(b) Film shrinkage
Figure 4.38: Plots of (a) film thickness and (b) shrinkage measured as a function of heat
treatment temperature for both the acid and base catalyzed films.
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the based catalyzed films exhibited a higher hardness than the acid catalyzed films. It suggests that
change in hardness is not simply related to film shrinkage but also relies on the type of the sol-gel
films.
4.4.2 Effects of Ion Irradiation
Ion irradiation of the base catalyzed films was carried out at room temperature using H+ and N2+
ions at Los Alamos National Laboratory. Table 4.5 lists the ion irradiation conditions for 1 µm
thick base catalyzed films, including the ion species, the energy of the incident ions, electronic and
nuclear stopping power, projected range and fluence. The chemical composition of the green films
determined from XPS and ERD are also shown. The projected range is larger than the film thickness
such that full irradiation is achieved. Also shown in Table 4.5 are the ion irradiation conditions for
600 nm thick acid catalyzed films pursued in a previous study [17]. The base catalyzed green films
have a much lower H/Si (0.8) and C/Si (0.4) compared with the acid catalyzed green films in the
previous study having a H/Si of 2.5 and C/Si of 2.3. Despite of the difference in film thickness and
density, the electronic and nuclear stopping power of 125 keV H+, as well as that of 250 keV N2+,
in the base catalyzed films are similar to that in the acid catalyzed films.
Table 4.5: Ion irradiation conditions for 1 µm thick base catalyzed films and 600 nm
thick acid catalyzed films: chemical composition, thickness, density, average electronic
and nuclear stopping power, projected range and fluence.
Acid catalyzed films [17] Base catalyzed films
Chemical Composition SiO1.5C2.3H2.5 SiO1.8C0.4H0.8Na0.3
Thickness (nm) 600 1000
Density (g/cm3) 1.1 1.3
Ions 125 keV H+ 250 keV N2+ 125 keV H+ 250 keV N2+
Electronic Stopping
6.4 24.9 7.4 26.4
(eV/Å-ion)
Nuclear Stopping
0.0 1.9 0.0 2.2
(eV/Å-ion)
Projected range (µm) 2.1 1.1 1.8 1.0
Fluence (1015 ions/cm2) 0.1 - 100 0.1 - 50 0.1 - 15 0.1 - 10
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(b) Reduced elastic modulus
Figure 4.39: Plots of (a) hardness and (b) reduced elastic modulus of the acid and base
catalyzed films heat treated at different temperatures as a function of heat treatment
temperature.
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1 µm thick acid catalyzed films
1 µm thick base catalyzed films 
Figure 4.40: Hardness of the acid and base catalyzed films after heat treatment as a
function of film shrinkage.
a function of fluence is shown in Fig. 4.41. Also shown is the film shrinkage of the acid catalyzed
films irradiated with the same ion species and the same energy. Shrinkage was observed to increase
with increasing fluence regardless of the type of the sol-gel system, ion species and energy of the
ions. In contrast with the observation that the 250 keV N2+ resulted in a much higher shrinkage
than the 125 keV H+ for the acid catalyzed films when compared at the same fluence, both ions
play a similar role for the base catalyzed films.
The hardness and reduced elastic modulus depth profiles of 1 µm thick base catalyzed films
irradiated with 125 keV H+ and 250 keV N2+ are shown in Fig. 4.42. Unlike the acid catalyzed films,
the base catalyzed films showed a considerable decrease in hardness and reduced elastic modulus as
the normalized contact depth increased from 5% to 20% after N2+ irradiation at a fluence of 1015 or
1016 ions/cm2. The reason for the decrease in the measured hardness and reduced elastic modulus
is unclear. A potential cause might be microstructure of the films irradiated by 250 keV N2+ is
nonuniform and varies with depth.
The effect of fluence on the hardness and reduced elastic modulus of both the acid and base
catalyzed irradiated films, evaluated at 10% of the film thickness, are shown in Fig. 4.43. The
observation of increased hardness with increasing ion fluence was consistent for both the acid and
































1 um thick base: 125 keV H+
600 nm thick acid: 125 keV H+ [17]
600 nm thick acid: 250 keV N2+ [17]
1 um thick base: keV N2+
Figure 4.41: Film shrinkage of 1 µm thick base catalyzed films and 600 nm thick acid
catalyzed films irradiated with 125 keV H+ and 250 keV N2+ as a function of fluence
ranging from 1 × 1013 to 1 × 1017 ions/cm2.
converting the sol-gel films to their ceramic state for both the acid and base catalyzed films as
when the same fluence was used, the films irradiated with N2+ showed a higher increase in hardness
than with H+. For the acid catalyzed films, the irradiating ion species plays a greater role in the
final achieved hardness than for the base catalyzed system. This can be seen when comparing the
results for the N2+ and H+ irradiations. At the highest fluence investigated for both ions, the N2+
irradiated acid catalyzed film had a hardness 270% greater than for the film irradiated with H+.
Whereas for the base catalyzed films, only a 30% higher hardness was observed. In addition, at the
highest fluence, N2+ irradiation of the acid catalyzed films resulted in a higher hardness than for
the base catalyzed films, 7.4 GPa compared to 4.7 GPa. This is in contrast with H+ irradiation
which resulted in a slightly higher hardness for the base catalyzed films when compared to the acid
catalyzed films. For the base catalyzed films, the reduced elastic modulus showed no dependence on
ion species.
The relationship between the mechanical properties and film shrinkage for the acid catalyzed films
has been discussed in Chapter 4.3.1. It was shown that the change in the mechanical properties is not
simply related to the film shrinkage, but more connected with the microstructural evolution including
chemical changes and porosity reduction. Figure 4.44 shows the relationship between hardness and
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(a) Hardness
(b) Reduced elastic modulus
Figure 4.42: Depth profiles of (a) hardness and (b) reduced elastic modulus depth profiles
of 1 µm thick base catalyzed films irradiated with 125 keV H+ and 250 keV N2+ at
fluences ranging from 1× 1014 to 1× 1016 ions/cm2 [11]. For comparison an unirradiated
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Figure 4.43: Plots of (a) hardness and (b) reduced elastic modulus evaluated at 10% of
the film thickness of the acid and base catalyzed films irradiated with 125 keV H+ and
250 keV N2+ as a function of fluence [11].
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Figure 4.44: Hardness of the base catalyzed films evaluated at 10% of the film thickness
as a function of film shrinkage for irradiations with 125 keV H+ and 250 keV N2+ [11].
film shrinkage of the base catalyzed films after irradiation. For both ion species, hardness and film
shrinkage were seen to increase with increasing fluence. At a given fluence, N2+ irradiation resulted
in a higher film shrinkage and higher hardness when compared to H+ irradiation. The increase in
hardness for a given percent shrinkage increased with fluence. The film irradiated with 250 keV N2+
at a fluence of 6.9 × 1015 ions/cm2 exhibited a lower shrinkage (25% compared to 33%) but similar
hardness compared with the film irradiated with 125 keV H+ at a fluence of 2.5 × 1016. This points
to the fact that the hardness increase is not simply related to film shrinkage.
Fig. 4.45 shows the relationship between the measured hardness and film shrinkage after irradia-
tions with H+ and N2+ for both the 1 µm thick base catalyzed and 600 nm thick acid catalyzed films.
The base catalyzed films showed a higher hardness for a given percentage shrinkage. At the highest
fluence the shrinkage of the base catalyzed film was approximately half that of the acid catalyzed
film, 29% as compared to 58%. In general, the response to irradiation of both the acid and base
catalyzed films was found to be similar. The effects of ion irradiation on film conversion however
were more pronounced for the acid catalyzed system and for the same irradiation conditions, in most
cases resulted in films of higher hardness.
The effect of ion irradiation on hardness and hydrogen concentration as a function of fluence
is shown in Fig. 4.46. Compared to the acid catalyzed films, the unirradiated base catalyzed films
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Figure 4.45: Hardness of the acid and base catalyzed films evaluated at 10% of the film
thickness as a function of film shrinkage for irradiations with 125 keV H+ and 250 keV
N2+ [11].
had a higher hardness, 0.78 GPa compared to 0.32 GPa. Hardness increased with fluence, while
hydrogen concentration decreased, for both the acid and base catalyzed films. As produced, the
acid catalyzed films had a higher concentration of hydrogen than that for the base catalyzed films.
The films exhibited a different hardening response to irradiation with H+ or N2+ based on sol
composition.
Fig. 4.47 shows the hardness as a function of resulting hydrogen concentration for irradiations
with H+ and N2+ for both sol-gel systems over the range of fluences investigated. For each type
of sol-gel film, there is a clear and distinct trend of increasing hardness with decreasing hydrogen
concentration, resulting in the two curves shown in Fig. 4.47. No apparent effect of irradiating
species was observed. The observed shift in the trend for hardness with hydrogen concentration was
consistent with the difference in initial hydrogen concentration of the two sol systems. A minimum
hydrogen concentration of about 10% was achieved with ion irradiations at the highest fluences for
both the acid and base catalyzed films. However, for this concentration the acid catalyzed films
achieved a significantly higher hardness. At the highest fluence, ion irradiation induced a maximum
hydrogen loss of 25% for the acid catalyzed films compared to 12% for base catalyzed films as shown
in Fig. 4.48.
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Figure 4.46: Hardness and hydrogen concentration of the acid and base catalyzed films
irradiated with 125 keV H+ and 250 keV N2+ as a function of fluence [12].
Figure 4.47: Hardness of the acid and base catalyzed films irradiated with 125 keV H+
and 250 keV N2+as a function of hydrogen concentration [12].
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Figure 4.48: Hardness of the acid and base catalyzed films irradiated with 125 keV H+
and 250 keV N2+as a function of percent hydrogen loss [12].
4.4.3 Effects of Secondary Heat Treatment
Secondary heat treatment was performed on the base catalyzed films after ion irradiation in an Ar
flow at 1100 and 1350 ◦C for 2 hrs. Optical microscopy investigations showed that all films after
post-irradiation heat treatment contain bubbles and cracks. A possible reason for the formation of
bubbles is the chemical reactions between the substrate and the silica in the films [44]. Regarding
the cracks, the mismatch of the thermal expansion coefficient between the film and the substrate
is the main contribution [136]. It is noted that the unirradiated base catalyzed films heat treated
at 1100 ◦C and 1350 ◦C also showed surface cracks while the unirradiated acid catalyzed films heat
treated at 1100 ◦C were still crack-free. Raman spectroscopy experiments performed at OSU [146]
have shown that free carbon was retained when heat treated at 1100 ◦C and disappeared when heat






A study of the effects of ion irradiation on the mechanical properties and structural evolution of sol-
gel derived silica thin films has been performed. All films were synthesized by sol-gel process using
TEOS and MTES as precursors and spin-coated onto (100) Si wafers. The resulting change in the
mechanical properties and structural evolution from heat treatment and ion irradiation were investi-
gated by atomic force microscopy (AFM), nanoindentation, Rutherford backscattering spectrometry
(RBS), elastic recoil detection (ERD) and scanning electron microscopy (SEM).
5.1.1 Acid Catalyzed Sol-gel Films
1. The surface of all heat treated and ion irradiated films was characterized by AFM and SEM.
The films heat treated in vacuum or in Ar exhibit crack-free surfaces up to a temperature of
1100 ◦C above which numerous bubbles, resulting from the chemical interaction between the
silica film and the silicon substrate, were observed. Irradiation with 200 keV H+, 400 keV N2+,
1 MeV Cu+, 4 MeV Cu2+ and 9 MeV Cu3+ with fluences of 1 × 1013 to 2 × 1017 ions/cm2 did
not increase the surface roughness. However, surface buckling was observed on films irradiated
with a fluence of 1 × 1017 ions/cm2 or above after being stored in the laboratory at room
temperature for about one month. The buckling defects are attributed to the high residual
compressive stress resulting from the ion irradiation.
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2. The effects of heat treatment on the acid catalyzed films were studied. The theoretical chemical
composition was obtained based on the starting materials and the involved chemical reactions.
The theoretical composition of the green film SiO(OC2H5)1.4(CH3)0.6 is in good agreement
with the chemical composition obtained from RBS and ERD. The difference in the mechan-
ical properties of the films heat treated in ambient air and in vacuum is attributed to the
different thermal stability and decomposition path of the organic components in different envi-
ronments, thus affecting the resultant change of the microstructure. The related peak change
with increasing temperature in the FT-IR and Raman spectra is consistent with the change in
the measured mechanical properties [90]. No crystalline phase was detected at a temperature
1100 ◦C or below. In contrast to the forming of silicon oxycarbide ceramic at 800 - 1000 ◦C
reported in the literature, the film heat treated at 1100 ◦C in Ar exhibits mechanical properties
of amorphous silica.
3. The effects of ion irradiation on the acid catalyzed films was systematically investigated. Ion
irradiation was performed with 200 keV H+, 400 keV N2+, 1 MeV Cu+, 4 MeV Cu2+ and
9 MeV Cu3+ with fluences of 1 × 1013 to 2 × 1017 ions/cm2. The resulting changes in the film
shrinkage, and the hardness and reduced elastic modulus were measured and analyzed. The
significance of the fluence was observed as follows. At a fluence of 1 × 1013 ions/cm2, there was
almost no change in the shrinkage and mechanical properties compared with the green films.
At a fluence of 1 × 1014 ions/cm2, there was a wide distribution of film shrinkage from 7% to
51%, while there was a minor change in the mechanical properties. Film irradiated with 9 MeV
Cu3+ at a fluence of 1 × 1014 ions/cm2 had a film shrinkage of 51% and a hardness of 1.2 GPa
compared with 0.3 GPa for the green film. At higher fluences, the increase in the mechanical
properties was strongly associated with film shrinkage. For example, with increasing fluence
from 1 × 1014 to 1 × 1015 ions/cm2, irradiation with 9 MeV Cu3+ resulted in an increase
of film shrinkage from 51% to 77% and an increase of ∼11 GPa in measured hardness and
∼123 GPa in reduced elastic modulus.
4. Analyzing the chemical composition of the ion irradiated films has shown that not only H,
but also O and C, were released during irradiation. The ratio of H/Si approaches a constant
of ∼0.14 with 4 MeV Cu2+ at a fluence of 1 × 1016 ions/cm2 and 9 MeV Cu3+ at a fluence
of 1 × 1015 ions/cm2 or above, while the ratio for the other ion irradiations shows a contin-
uous decrease with increasing fluence towards the final value. This indicates that the final H
concentration may be solely dependent on the chemical nature of the films.
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5. The films irradiated with 1 MeV Cu+ (electronic stopping of 35.3 eV/Å-ion, nuclear stopping of
30.8 eV/Å-ion) exhibited a higher hardness and reduce elastic modulus than the films irradiated
with 400 keV N2+ (electronic stopping of 25.5 eV/Å-ion, nuclear stopping of 2.0 eV/Å-ion) for
a given fluence. The difference in the hardness and reduced elastic modulus became significant
at higher fluences. At a fluence of 1 × 1015 ions/cm2, the film irradiated with 1 MeV Cu+
had a hardness of 6.2 GPa and reduced elastic modulus of 69.1 GPa which are approximately
twice the values for the film irradiated with 400 keV N2+. This suggests that both electronic
stopping and nuclear stopping contribute to the improvements of the mechanical properties.
6. The Voigt and Reuss model has been employed to evaluate the reduced elastic modulus of the
fully converted films through ion irradiation by considering them as a composite. It has been
used in pyrolyzed silicon oxycarbide glass by decomposing the chemical composition into xSiC
+ (1 − x)SiO2 + yC. Therefore the elastic modulus is estimated from the volume fraction of
amorphous SiC, amorphous silica and excess free carbon. Following the same procedure, the
reduced elastic moduli of the ion irradiated films were calculated and are in good agreement
with the experimental results, suggesting it is valid to apply this model to estimate the elastic
modulus from the chemical composition in the ion irradiated sol-gel films. The reduced elastic
modulus of the fully converted films after ion irradiation increased with increasing Si-C bond
concentration, consistent with that of the silicon oxycarbide synthesized by heat treatment in
Ar flow or by RF sputtering.
7. Oxygen release might be related with both the Si-O-Si network and Si-O-C2H5, in which the
latter is assumed to be more favorable. The amount of O released after ion irradiation at the
highest fluence is consistent with the total stopping power of the ions used in the irradiation.
This suggests that cleavage of Si-O in Si-O-C2H5 is highly dependent on the stopping power
of the incident ions.
8. Tetrahedrally coordinated CSi4 units in the stoichiometric silicon oxycarbide were considered
to improve mechanical properties, such as elastic modulus, hardness as well as density, viscosity
and glass transition temperature, compared to fused silica. The mechanism of forming CSi4
during ion irradiation can be described by two schemes, of which scheme (a), the construction
of CSi4 units by cleavage of three C-H bonds in Si-CH3 and three Si-O bonds in Si-O-C2H5,
seems more likely if only considering the localized density of Si-O-C2H5 and Si-CH3 groups.
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5.1.2 Base Catalyzed Sol-gel Films
Base catalyzed sol-gel system was chosen to compare the effects of the type of the sol-gel system on
the mechanical and chemical properties after heat treatment and ion irradiation. The base catalyzed
films showed higher surface roughness than the acid catalyzed films in their green state (3 nm Rq
compared to 1 nm Rq over a scan size of 1 µm × 1 µm measured by AFM). Unlike the acid catalyzed
films showing a monotonic increased in the hardness and reduced elastic modulus with increasing
heat treatment temperature ranging from 300 ◦C to 800 ◦C in air, the base catalyzed films had a
maximum hardness when heat treated at 600 ◦C and above. The base catalyzed films heat treated
at 1100 ◦C or above in Ar contained cracks while the acid catalyzed films at 1100 ◦C were still
crack-free.
5.2 Future Work
• To better understand the microstructure of the films irradiated with 1 MeV Cu+, 4 MeV
Cu2+ and 9 MeV Cu3+, characterization of the possible crystalline phases using XRD should
be performed.
• Nuclear magnetic resonance (NMR) has been widely used in determining the chemical bond
configurations. Quantitative information of the change in the bond configuration may help
clarify the conversion process resulting from different ions with different stopping powers.
However, the difficulty to employ NMR on a thin film with less than 1 µm thick must be
overcome.
• Perform post-irradiation heat treatment and analyze the possible nanophases introduced.
• In order to reduce the mismatch of the thermal expansion coefficient between the films and the
substrate, thus avoiding cracking when synthesizing nanophase materials at high temperature,
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Figure B.1: Differential Scattering Cross Section of 28Si(α, α)Si28.
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B.2 16O(α, α)O16
Figure B.2: Differential Scattering Cross Section of 16O(α, α)O16.
B.3 14N(α, α)N14
Figure B.3: Differential Scattering Cross Section of 14N(α, α)N14.
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